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FURTHER DECLARATION OF DR. JACK L. ARBISER 

I, Jack L. Arbiser declare as follows: 



1 . I am a co-inventor of the subject matter of the above-referenced patent 



application. 



2. In 1983, 1 received a B.S. degree in Chemistry from Emory University, 
Atlanta, Georgia. 

3. In 1991, 1 received a Ph.D. degree in Genetics and aMD degree in Medicine 
from Harvard Medical School, Boston, Massachusetts. 

5. From 1994-1998, 1 participated in the Howard Hughes Postdoctoral 
Fellowship, Laboratory of Judah Folkman, M.D., Harvard Medical School, Boston 
Massachusetts. 

6. Since 1 99 1 , 1 have studied the mechanisms of how oncogenes and tumor 
suppressor genes regulate angiogenesis and tumorigenesis. This work has resulted in the 
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discovery of small molecule inhibitors of tumor growth, and a novel method of predicting tumor 
signaling based upon loss of tumor suppressor genes p53 and pi 9ink4a. I have substantial 
scientific and medical expertise in cancer and clinical oncology. 

7. I am presently a Professor of Dermatology, Emory University School of 
Medicine, Atlanta, Georgia. I have held this position since September, 2009. 

8. I am also presently an Attending Physician, Atlanta Veterans Administration 
Medical Center, Atlanta Georgia. I have held this position since 2001. 

9. In 2008, 1 was the Chief of Service of Dermatology and the Chi ef of 
Dermatology, Atlanta Veterans Administration Medical Center, Atlanta Georgia. 

10. In 2007, 1 was the Director of Research, Department of Dermatology, Emory 
University School of Medicine, Atlanta, Georgia. 

1 1 . From 2004 to 2009, 1 was an Associate Professor in the Department of 
Dermatology, Emory University School of Medicine, Atlanta, Georgia. 

1 2. From 1 998 to 2004, 1 was an Assistant Professor in the Department of 
Dermatology, Emory University School of Medicine, Atlanta, Georgia. 

13. In 1998, 1 was an Attending Physician, Emory University School of Medicine, 
Atlanta, Georgia 

14. From 1995 to 1998, 1 was an Instructor in the Department of Dermatology, 
Harvard Medical School, Boston, Massachusetts. 

15. From 1992 to 1994, 1 was a Resident in Dermatology, Massachusetts General 
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Hospital, Boston, Massachusetts. 

1.6, From 1991 to 1992, 1 was an Intern in Internal Medicine, Beth Israel Hospital, 
Boston, Massachusetts. 

17. From 1 985 to 1991 , 1 was in the Medical Scientist Training Program, 
Department of Genetics, Harvard Medical School, Boston, Massachusetts. 

18. In 1984, 1 was a Research Assistant, Department of Rheumatology, 
Massachusetts General Hospital, Boston, Massachusetts. 

19. In 1983, 1 was a Research Assistant, Department of Pediatrics, Emory 
University, Atlanta, Georgia. 

20. In 1979, 1 was an Undergraduate Research Assistant, Department of 
Chemistry, Emory University, Atlanta, Georgia. 

21.1 have received numerous awards and honors for my scientific work including 
receiving the Albert E. Levy Scientific Research Award for Senior Investigator in 2007, and 
receiving the Emory School of Medicine Dean's Clinical Scholar award from 2000-2003 and 
2004-2006 among other awards and honors. 

22. I am a member of the Emory Medical Student Research Committee (2001 - 
present) and the VA Research and Development Committee (2007-prcsent). I am also a member 
of the Dermatology Foundation Medical and Scientific Committee External Advisory Board, 
University of Arizona Cancer Center, the Sturge- Weber Foundation Scientific Advisory Board 
(2001 -present) and the American Academy of Dermatology-NAID Liaison (1998-present). I 
was an Organizer for the 48* Montagna Annual Symposium on the Biology of Skin, Snowmass 
Colorado (1999). I have been a Membershi p Chair of the Society for Investigative Dermatology 
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(2001-2002) and a Resident/Fellow Representative for the Society of Investigative Dermatology 
(1995-1997). 

23. 1 have been a member of the following societies: the American Association 
for Cancer Research, The Society for Investigative Dermatology, the American Academy of 
Dermatology, the Tuberous Sclerosis Alliance, the Dermatology Foundation and the Sturge- 
Weber Foundation. 

24. 1 am on the Editorial Boards for Pigment Cell Research (2007-present) and 
Journal of Investigative Dermatology (2001-present). I have been on the Editorial Boards for 
Journal of the Cutaneous Medicine and Surgery (2002-2005) and Journal of the American 
Academy of Dermatology (2001-2004). I was also a Guest Editor for Seminars in Cancer 
Biology, Karolinska Institute. 

25. I have published over 200 scientific papers and 1 have published extensively 
in the scientific area of cancer research, including the mechanism by which cancer occurs, 
including the role of angiogenesis in cancer pathogenesis, including tumorigencsis. 

26. The above paragraphs clearly establish a foundation for my medical and 
scientific expertise in cancer, including experimental cancer and clinical oncology, in providing 
the instant declaration. 

27. I am familiar with United States patent application serial number 10/502,080, 
of which I am a co-inventor. I understand that the presently pending claims are directed to a 
method of treati ng cancer or a tumor in a patient comprising administering to a patient in need an 
effective amount of a composition which comprises a compound as otherwise set forth in the 
presently pending claims, namely claims 40, 50-56 and 66. Essentially, the presently pending 
claims are directed to the discovery that compositions which contain effective amounts of a 
compound as claimed are effective to treat a number of cancers and tumors. This is based upon 
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the fact that the compounds which are set forth in presently pending claims 40, 50-56 and 66 
inhibit cancer and/or tumor growth by a mechanism which inhibits angiogenesis in the 
cancer/tumor tissue. By inhibiting angiogenesis, the presently claimed methods provide a 
generic approach to the treatment of any number of cancers and tumors as set forth in presently 
pending claims 40, 50-56 and 66. 

28. It is my opinion that the presently claimed methods of treating tumors and/or 
cancer are useful and are expected to work as described and claimed, given that angiogenesis is 
an important generic mechanism by the way tumors and/or cancer grow and elaborate, and the 
presently claimed methods set forth in pending claims 40, 50-56 and 66 are directed to methods 
which utilize the inhibition of angiogenesis as a general mechanism to treat tumor and/or cancer. 
The compound which is claimed for use in the present method, solenopsin A, is an excellent anti- 
angiogenesis compound which exhibits broad activity against a large number of cancers, 
reflective of that mechanism as an angiogenesis inhibitor. 

29. Angiogenesis comprises the development of a new vasculature for a tissue 
with increased metabolic demand. In adult life, the new tissue is likely to be a tumor or cancer, 
either benign or malignant, or an inflammatory process, such as psoriasis, inflammatory bowel 
disease, arthritis, asthma, multiple sclerosis, type II diabetes, lupus, and other diseases. The 
major sources of the blood vessel cells (endothelial cells) that are required for this process are 
recruitment of blood vessel cells from local pre-existing capillaries, or recruitment of cells from 
bone marrow that can turn into endothelial cells. Both processes contribute to the 
vascularization of a tumor or an inflammatory process. One of the commonalities of both 
inflammatory and tumor derived (neoplastic processes) is that they elaborate factors that recruit 
endothelial cells. The major factors for these processes include vascular endothelial growth 
factor (VEGF) ? basic fibroblast growth factor (bFGF), inflammatory cytokines (such as 
interleulcin-8, and other factors), which stimulate the migration and proliferation of endothelial 
cells. The laboratory of Judah Folkman, MD 3 proved the absolute requirement of angiogenesis 
for the growth of malignant tumors. Based upon Dn Folkman's pioneering work, angiogenesis 
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inhibitors have been developed for the treatment of human diseases, in particular the treatment of 
tumors and cancer. 

26. Two strategies have been developed for the assessment of angiogenesis 
inhibitors. The first is direct inhibition, in which the activity of growth factors on the receptors is 
directly antagonized. The second is indirect inhibition, in which the ability of tumors to produce 
growth factors is inhibited. The phosphoinositol-3 kinase pathway, which is activated in virtually 
all tumors, is implicated in both direct and indirect angiogenesis inhibition. 

27. Direct antiangiogenesis inhibition is now in clinical use for the treatment of 
cancer. The most prominent example is that of avastin (bevacizumab) that directly blocks the 
activity of VEGF on endothelial cells. Avastin is commonly used for the treatment of kidney 
and colon cancer, and more recently in brain cancer (glioblastoma). While avastin has been 
shown to be of clinical benefit, it is not curative and has well known side effects, such as 
hypertension and bleeding. In addition, the tumor hypoxia that is induced by avastin is thought 
to cause adaptation in the tumor, such as increased local invasion and elaboration of more growth 
factors in order to relieve the avastin-induced tumor hypoxia. Other strategies are being 
developed, but it is likely that any strategy that increased tumor hypoxia by itself will ultimately 
not cure a tumor. 

28. Indirect inhibition of angiogenesis is an attractive strategy that has not been 
sufficiently explored. My studies in the Folkman lab, published in the Proceedings of the 
National Academy, were the first to demonstrate that blockade of phosphoinositol-3 kinase was 
able to inhibit the growth of a tumor in vivo. Blockade of phosphoinositol-3 kinase is an 
attractive strategy for several reasons. First, it blocks the production of growth factors by the 
tumor. Second, it causes increased apoptosis (programmed cell death) in tumors themselves. 
Finally, it is believed to prevent the metabolic adaptations in tumors caused by antiangiogenic 
therapies. Since phosphoinositol-3 kinase is such an important target, we regard it as a major 
focus to inhibit this pathway and to treat tumors and cancer. We discovered that solenopsin, a 
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naturally occurring alkaloid in the venom of the fire ant (Solenopsis invicta), is a potent inhibitor 
of this enzyme. In addition, we have shown that this compound claimed in the present invention 
is a potent inhibitor of angiogenesis in the zebrafish model and that solenopsin is stable and may 
be used as a pharmaceutical agent. See the previously submitted references, Arbiser, et al., 
Blood, 15 January 2007, Volume 109, Number 2, pages 560-5(55, which teaches the inhibition of 
angiogenesis by solenopsin consistent with its use as an anticancer agent, and Park, et aL, 
Journal of Infectious Diseases, 15 October 2008, 198, 1 198-201 , which teaches that solenopsin 
is stable and may be used as a small molecule pharmaceutical agent as set forth in the present 
invention. The inhibitory activity, small molecular size and stability of solenopsin, which make 
it amenable to topical, systemic and oral administration, make it an attractive molecule for the 
treatment of tumors and cancer. It thus represents close to an ideal compound for providing 
genetic therapy against a variety of cancerous tissue. 

29. By way of cellular experimental evidence, recently the following 
experiments on a benign tumor cell line (FP52-SV) and malignant sarcoma cell (tsc2ang1 ) were 
conducted. In these experiments, the anti-proliferative/anti cancer activity of solenopsin A (a 
compound claimed in the present application) were tested in the two cell lines. More 
specifically., 10,000 cells from benign tumors (FP52-SV40) or malignant sarcoma cells 
(tsc2angl) were plated in 24 well plates. 24 hours after plating, the cells were treated with 
solenopsin in concentrations ranging from 0-20 micromolar or vehicle control. A number of 
other compounds were also tested. 24 hours after solenopsin treatment, the cells were 
trypsinized and counted with a cell culture. 

30. The results of the experiments which are described in paragraph 29, above 
are shown in the attached Exhibits 1 and 2, In the first assay, the proliferation assay performed 
on the benign tumor cell line FP52 S V40, the antiproliferative effect of solenopsin on the cells 
is clearly evidenced (see attached Exhibit 1). Noted is the fact that a concentration of solenopsin 
at 10 micromolar provided significant inhibition of cell proliferation (approximately 80%). The 
graph also evidences that antiproliferative activity of solenopsin was synergistic with 
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imipramine blue where both compounds were used at a concentration of 1 micromolar. In the 
second experiment, the effect of solenopsin at varying concentrations was tested against 
malignant sarcoma TSC2angl cells (Exhibit 2). In this experiment, solenopsin exhibited 
excellent antiproliferative/anticancer activity against the sarcoma cell line with a concentration 
of 10 micromolar solenopsin being particularly effective, widi concentration of solenopsin of 15 
and 20 micromolar being slightly less effective than the lower concentration of 10 micromolar. 
In a third experiment, solenopsin was tested against a malignant melanoma cell line A3 75 
(Exhibit 3). In this experiment, solenopsin exhibited excellent antiproliferative/anticancer 
activity against the melanoma cell line at a concentration of 10 micromolar with significant 
anticancer activity at a concentration of 10 micromolar. In all three experiments, the results of 
which are presented in attached Exhibits 1, 2 and 3, solenopsin showed substantial 
antiproliferative/anticancer activity in cell-based assays consistent with its use as a generic 
anticancer agent as claimed in the present invention. 

3 1 . Recently, solenopsin A was tested by the National Cancer Institute (NCI) 
against a number of cancer cell lines. This in vitro testing was conducted in 60 human tumor cell 
lines in the following cancers: breast, central nervous system, colon, leukemia, melanoma, non- 
small cell lung, ovarian, prostate and renal, Pursuant to NSC guidelines, each drug (in this case, 
NSC 166588 (Solenopsin A) is exposed to 60 humor tumor cell lines of the various cancer cited 
above at five different doses for 48 hows. The results of the in vitro testing in the 60 cell lines is 
presented in attached Exhibit 4. The NCI results evidenced that in all of the tumor cell lines 
tested, solenopsin exhibited substantial anti-cancer activity at 1 to 100 micromolar 
concentrations, depending on the cell line, consistent with its use as an anti-cancer agent. All 
cell lines were impacted by the Solenopsin treatment, evidencing that Solenopsin exhibited anti- 
cancer activity against every cell line in the 60 cell-line panel. 

32. In addition to the experimental data which is presented in attached Exhibits 
1-4, which clearly evidences that solenopsin exhibits generic anticancer activity against a 
number of different cancers and a large number of cell lines, the mechanism of action of 
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solenopsin and its anticancer activity is completely consistent with its use in a number of 
additional cancers. In particular, a review of the literature evidences that the inhibition of 
phosphatidyl inositol 3-kinase as part of an anti-angiogenesis mechanism is relevant to cancer 
treatment in a broad range of cancers, including skin cancer, colorectal cancer, head and neck 
cancer, breast cancer, including metaplastic breast cancer, lung cancer, pancreatic cancer and 
skin cancers, including basal cell carcinoma, squamous cell carcinoma and melanoma. In 
support of the generic utility of the present invention a$ a treatment for numerous cancers, 
enclosed herewith are a number of peer reviewed publications in the scientific literature which 
evidences that inhibition of phosphatidyl inositol 3-kinase (the inhibition of the pathway through 
which solenopsin exhibits its generic anti-cancer effect) is consistent with cancer growth 
inhibition and apoptosis of cancer cells. This mechanism is shown to be important foT the 
treatment of a number of cancers including skin cancers (see Anto, et al., The Journal of 
Biological Chemistry, 278, 28, pp. 25490-25498. August, 2003 5 copy enclosed), colorectal 
cancer (see Baba, et al., Cancer, April 1, 201 1, pp. 1399-1408, copy enclosed), head and neck 
cancer (see Bian, et al., Cancer Res., 2009, July 15; 69(14), pp. 5918-5926, copy enclosed), 
breast cancer (see Capodanno, et al., Human Pathology, 2009, 40, 1408-1417 and Hennessy, et 
al., Cancer Res., 2009, May 15, 69(10) pp. 41 16-4124, copies enclosed), lung cancer (see 
Capuzzo, et al„ Journal of the National Cancer Institute, 96, 15, August 4, 2004, pp. 1 133-1 141, 
copy enclosed), pancreatic cancer (Chen, et al., Pathol Oncol Res. f 201 1, 17:257 pp. 257-261, 
copy enclosed), skin cancers, including melanoma, squamous cell carcinoma and basal cell 
carcinoma (see Jee, et al, The Journal of Investigative Dermatology, 1 19, 5, pp. 1 121- 1 127, 
2002 and Ming, et al., The Journal of Investigative Dermatology, 129, pp. 2109-21 12, 2009, 
copies enclosed), brain cancer (see Rong,et al., PNAS, 101 , 52, pp. 1 8200-18205, December 28, 
2004, copy enclosed) and ovarian cancer (see Wang,et al., Oncogene^ 3574-3582, 2005, copy 
enclosed). These references evidence the dramatic generic role that phosphatidyl inositol 3- 
kinase plays in a variety of cancers and also evidences that inhibition of this enzyme is material 
to the treatment of these cancers. 

33. Given the exceptional inhibitory activity solenopsin displays against 
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phosphoinositol-3 kinase and the direct and indirect role that phosphoinositol-3 kinase plays in 
promoting angiogenesis, a critically important process in tumor/cancer growth and elaboration, 
as evidenced by the literature cited and enclosed, as well as the experimental test results which 
axe described in paragraphs 29-3 1, above, it is ray expectation that solenopsin will prove to be an 
effective agent against tumors and cancer by inhibiting angiogenesis in cancer tissue through 
inhibition of phosphoinositol-3 kinase. This expectation is corroborated by the favorable 
antiproliferative/anticancer activity exhibited by solenopsin in the cell-based assays which are 
described above and in attached Exhibits 1-4, as well as die literature cited which further 
evidences the broad generic role that phosphoinositol 3-ki.nase plays in cancer treatment. By 
virtue of the inhibitory activity of the compounds which are presently claimed in the pending 
method claims, it is my expectation that these compounds will prove to be effective anti-cancer 
agents against a broad range of tumors and cancer. 

34. As a separate point, I understand that Examiner Zarek has objected to 
Figure 5 in the original application for the reasons which are cited in the July, 201 1 office action 
on pages 6-7. Applicants submit that the entry for Solenopsin in figure 5, in particular for the 
entry at a concentration of 6 micrograms/mL, which presents data for an SVR inhibition assay 
conducted prior to the filing of the present application, is an artifact of the experimental 
conditions run at the time the figure was generated. The SVR assay, the results of which are 
presented in the original specification, may be viewed as a screen for preliminary results. The 6 
microgram test result from the SVR assay of Figure 5 is an experimental artifact that may be 
attributed to a number of factors, including but not limited to aggregation effects, solubility, 
sample purity, etc. Occasionally, in the SVR assay, concentration effects have been 
observed. In such cases either the assay is repeated or other experiments are carried out. In this 
case, we have repeated this experiment several times and a more accurate experiment is 
presented in figure 2 of the previously submitted Blood 2007 paper, referenced above in 
paragraph 29. We have repeated the experiment several times with the same results which are 
presented in figure 2 of the Blood 2007 paper. The combination of experiments described above 
unambiguously demonstrates that solenopsin A is inhibiting angiogenesis and by the akt 
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pathway. 

35 . I further declare that all statements made herein of my own personal 
knowledge are true and that all statements made on information and belief are believed to be 
true; and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, under Section 
1001 of Title 18 of the United States Code, and that such willful false statements may jeopardize 
the validity of the application or any patent i ssued thereon. 

Date: i 

Jack L. Abiser, MD, PhD 
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pathway. 

35 . I father declare that all statements made herein of ray own personal 
knowledge are true and that all statements made on information and belief are believed to be 
true; and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, under Section 
1001 of Title 18 of the United States Code, and that such willful false statements may jeopardize 
the validity of the application or any patent issued thereon. 



Abiscr, MD, PhD 
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EXHIBIT 1 
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EXHIBIT 3 
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NATIONAL CANCER INSTITUTE DEVELOPMENTAL 
THERAPEUTICS PROGRAM 
DOSE RESPONSE CURVES FOR NSC 166588 
(SOLENOPSIN A) 
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Leukemia 




Melanoma 
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Epidermal growth factor (EGF) is a well known mito- 
gen, but it paradoxically induces apoptosis in cells that 
overexpress its receptor. We demonstrate for the first 
time that the EGF-induced apoptosis is accelerated if 
NF-r<B is inactivated . To inactivate NJT-*B, human epider- 
moid carcinoma cells (A431) that ovorexpress EGF recep- 
tor were stably transfected with an IkB-os double mutant 
construct. Under the NF^B-iri activated condition, A431 
cells were more sensitive to EGF with decreased cell via- 
bility and increased externalization of phosphatidyl- 
serine on the cell surface, DNA fragmentation, and acti- 
vation of caspases (3 and 8 but not 9)» typical features of 
apoptosis. These results were further supported by the 
potentiation of the growth inhibitory effects of EGF by 
chemical inhibitor* of NF-kB (curcumin and sodium salic- 
ylate) and the protective role of RelA evidenced by the 
resistance of A431-RelA cells (stably transfected with 
RelA) to EGF-induced apoptosis. EGF treatment or ec- 
topic expression of RelA in A431 cells induced DNA bind- 
ing activity of NF-kB (p50 and RelA) and the expression of 
c-.TAPl, a downstream target of NF-kB. A431-ftelA cells 
exhibited spontaneous phosphorylation of Akt (a down* 
stream target of phosphatidylinositol 3-ldnase and regu- 
lator of NF-kB) and EGF treatment stimulated it further. 
Blocking this basnl Akt phosphorylation with 
an inhibitor of phosphatidylinositol 3-kinase, did not af- 
fect their viability but blocking of EGF-induced phospho- 
rylation of Akt sensitized the otherwise resistant A.43J - 
RelA cells to EGF-mcdiated growth inhibition. Our 
results favor an anti-apoptotic role for NF-kB Id the 
regulation of EGF- induced apoptosis. 



Epidermal growth factor (EGF) 1 is a polypeptide (6-kDa) 
that belongs to the KOF family of ligands (heparin binding 
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EGF, transforming jrmwth factors, araphixegulin, 0-celhiIio, 
epiregtilin, and Qeurcgulins) binding to specific cell surface 
receptors Q, 2). Upon hgaod binding, the epidermal growth 
factor receptor (EGFR} diracrizes, aiitophosphorylates itself, 
and recruits a cascade of signaling molecule* before txansrnit- 
ting potent mitoi?enic signals in many cellular systems (1, -3.). 
EGFR is overax pressed in a number of human maligna ncie* 
including canceTS of the lung, head and neck, b.nun, bladder, 
and breast (4), Furthermore, increased EGFR expression cor- 
relate with a poorer clinical outcome for patient/? with breast 
and ovarian cancers (5, 6). Whereas EGF is a potent, mitogen, it 
paradoxically induces apoptO*i$in cells that ovcrexpress EGFR 
snch as A431 (7). Experimentally increasing the level of EGFR 
expression in epithelial, mesenchymal, or glial cell* aUo leads 
to ligand-d.epen.dent npoptosi* <8). Another ligand of the EGF 
family, heregulin (also known as neuregulin), is known to in- 
duce apoptosLs in cells that overexpre^f? ErbB2, the second 
member of the EGFR family (9). In addition, epireguhn also 
inhibited cell growth in EGFR-overexpresaing ceils (10). Induc- 
tion of ornphiregulin mRNA w&h observed in EGF-induced 
apnptusiH f 11) and interaction of EGF with pro-he parin-binding 
EGF leads to gro^i'th inhibition and apoptoais 112). Growth 
factors other than EGF ?uch as plgtelftt-derived ^ro^'.th factor 
nncl hepaU>eyte p^owth factor can also trigger cell cycle arrest 
and death in g variety of celln (13. 14) and in addition, EGF 
enhanced the apoptotic effect of platelet-derived growth factor 
(14). An EGF^related protein, Cripto-1, jxromotes apoptosi? in 
HC-1.1. mouse mammary epithelial cells (15). Anoikis, activation 
of EGFR tyrosine kinase* Ras-MAP kinase signaling, and the 
elevation of Statl and p21 levels have been advocated as racch- 
aoisms driving EGF-induced apoptosis (11, 16-18) but, the ac- 
tual meclianism appears to be more elusive andc'^plicaced. 

Apoptoflie or programmed cell death is a physiological proc- 
ess characterized by distinct morphological and biochemical 
feature? that include membrane blabbing, chromatin condensa- 
tion, cytoplasmic shrinking^ DNA fragmentation, and activation 
of different caspases (19). Typically two different pathways, ex* 
trinsic receptor-mediated and. intrinsic mitochondria-mediated, 
leading to apoptosis have been identified (20, 21). Mostly cyto- 
kines of the tumor necrose factor (TNF) superfamily induce 
apoptosis by interaction of the ligand with its death receptor, 
which sequentially recruits TNF receptor-associated death do- 
main, Fas-dMsnciated death domain, caspase 6* and caspase 3. 
the lafth then cleaves various substrates leading to apoptosis. In 
contrast, the mitochondria-mediated pathway involves the re- 
lease of cytochrome- c from the mitochondria, and cytochrome c 
together with Apafl activates caspase 9, and the latter then 
activates caspase 3. resulting in apoptosis (20, 21). Tumor cells 
often evade apoptosis by expressing several anti-apoptotic pro- 
teins such as Bcl-2, down -regulation and mutation of pro- 
apoptotic genes and alterations of p53, FI-3K/Akt. or NF-kB 
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pathways that give them survival advantage and thereby resist 
therapy-induced apoptosis 120). 

NF**B is a family of transcription factors activated by a 
diverse number of stimuli including EGF, cytokines > such aa 
TNF-cr and interleukui-1, UV irradiation, and Kpopolysaccha- 
ridea (22). EGF has been reported to activate NF-kB in smooth 
muscle celK fibroblasts, and in several EGFR-overexprefifiing 
cell line* (2.3-25). Binding of IkB to NF-kB mafika nuclear 
localization signals and provenia its translocation to the nu- 
cleus (26). Stimulation of cells with a diveran array of stimuli 
result* in phosphorylation of I*B-a on serines 32 and 36 at its 
NH a -termina]. Thia leads to the uhiquitination and degrada- 
tion of IkB-nt, allowing NF-kB to translocate to the nucleus and 
activate transcription (22, 26). Inhibition of NF-«J3 activity 
potentiates cell killing of human breast cancer and fibrosar- 
coma cell lines by TNF*«, ionizing radiation. And daunombicin 
(27-29), NF-kB inhibition sensitized tumors in mice to ehemo- 
therapeutic compound CPT-ll-mediated cell killing (30), 
NF-kB directly causes increased expression r>f proteins that 
contribute to the survival of tumor cells such as inhibitor;? of 
apoptotic proteins <lAPg> (31, 32). Result* from our laboratory 
have shown earlier that ectopic expression of the RelA subnnit 
of NF-xB into murine fibrosarcoma cells protect* them from 
curcirnrnn-induced apoptosLs (33). 

To understand whether NF-kB plays any role in EGF-in- 
duced apoptoia, we used A431 cells that overexpress EGFR 
and stably transacted them with a mutant IkB (known to 
inactivate NF-wB) or JJelA (known to activate NF-kB). Using 
several parameters to assess apoptosis such 09 viability, exter- 
nalization of phosphatidylserine (PS) on the cell surface, DNA 
fragmentation, and activation of caspases we report that 
A431 cells are more sensitive to EGF-induced apoptosis under 
NF-KB-i.nactiva1.ed conditions whereas its activation confers 
resistance. 

EXPERIMENTAL PROCEDURES 
Rtn#wnU, C/iftmicnh. and AntifoxMcs—EGT? (isoInVcd from mate 
mouse submaxillary glands), Oulbeeco'a minimum csaentinl medium, 
and fetal hovine eerum were procured from Invitrogen, Cwrcumin, 
sodium ^Jicylute, MTT (a^^S-dimethylthiazol-^-yD^.G-diphcnyltctra' 
znlhim bromide), nitm blue tetrn7oliuTTv'o-brnmo^<hIoro-3-mdoly1 
phosphate subst-ratc mixture, and ft mouse monoclonul antibody to 
Martin (A-5441) were purchased from Sigma. Flii&H metric substmc* 
for Caspase 3 (Ac-DEVD-AFC number 264J.57) and caspase 9 (Ac- 
LEHD-AFC number 213765) were obtained from Calbiochom. Rabbit 
polyclonal antibodies to p50 (ac-7.178), RcJA (scOOSQ. hemagglutinin 
(HA) (*<v7?92>, .t«ja-nr (sc-271), and c-JAPJ. («c-7943> were procured from 
Santa Croz Biotechnology (Santa Crm, CA>. Mouse monoclonal anti- 
body t/i caspnae 8 UC12). rabbit polyclonal PARP mHibodjy (number 
nr>42), and phosphn-AkC psthway aomplor kit (number 9916 containing 
antibodies to Akt and phospho^AkL and LY294002) were purchased 
from Cell Signaling Technology {Beverly, MA)» and the mouse mono- 
clonal KHFR antibody (clone .til) raised against the extracellular do- 
main of BGFR was a gift. 0*om Dr. Yosef Ynrden. Weiamann Institute of 
Science, Israel. 

CtfZ/ Lines and Cw/mne— Hu man epidermoid carcinoma cell line A431 
wo* obtained from the National Center for Cell Science. Pune, Fndia. 
The Cells were grown as monolayer cultures in Dulbecco'a modified 
Eagle's medium supplemented with 10% fetal bovino serum and anti- 
biotics (Invitro^ron). Cells wci-c incubated at. 37 A C in a humidified 
atmosphere Of 5<& C0 3 and 95V> air. 

Ttywsfcnt and Stable Trnnnfect wn«^A43 1-1 kB-r cell* were tran- 
siently transacted with n?i4 in pMT2T wctor (33, 3d) uaing- the. chIcj- 
um.phoephate tranafcetion kit ilnvitropen) according tu the manufac- 
turer's protocol. Stable tranafectfon* in A431 cells with relA in pMT2T 
vector (co-transfected with pcDNAxN or the empty vector peDNA.S or 
PcDNA3-IkB-o were earned out by the lipofcdAMINE method (351. 
For the prepnraUon of liposome solution. 20 *imol/rol of ?tock (prepomri 
by mixing 6.6 ^mol of dimethyl dioctadccyl ammoniv.m bromide arid 
*imt>] of dialeyNi -phosphatidylethanolamine in 1 m\ of etbanol) 
was diluted into 1 nmol//il in water. Far trnnafrcUon. tho cells were 
seeded to attain 70% confluent* in y5-mm Petri di$hea. l^or each dish, 



2 tift of DNA and 24 of lipunomo solution were mixed in 500 p.\ of 
Dulbecuo's minimum essential medium free from serum and antibiatic*, 
vorlcxed, and incuhat«d at room temperature for 30 min. The liposome 
solution f 1 ml) waa loycred ovor the cell? previously rinHed with .?crurn- 
free medium and left for 4 h in a Q0 2 Incobator and than the rmjdium 
was replenished with 20% fcta) bovino se.fvm and reverted hack to 
fut<U bovine aerum after 24 h. After 72 h, cells were Rrown in selection 
medium (400 //£/m) G^lS^ and clones formed were picked up and 
maintained St-parutely with 1Q0 i/g/m! 

Western Blotting— <Mh were lyaed in whole cell lyyia buffer 120 m.\i 
Tris. P H 7.4, 250 mM NaCI, 2 mw BDTA, 0.1^ Triton X lf>0, 3. n>M Dn\ 
5 /ig/mJ aprotiain. 6 /xj^/ml leupepcin, 0.6 mM phony Imcthybulfonyl 
fluoride, ajid 4 mM sodium onhovanadateK Eqgal omounte of total 
protein for cadi Baraple were separated by SDS-PAGE and electrntrans- 
ferred onto nitrocellulose fi Iters, probed" with the primary antibodies 
and appropriate peroxidase-conju£ated secondary antibodies, and vjsu- 
a fixed with the nn ha need chemi luminescence (ECL) method 09 pot the 
manufacturer'^ protocol <Amer$ham Bic^aciences). For some experi- 
menta, alkaline phosphata.sc-conjugated secondary antibodies from 
$iRina were used and the bonda were detected uainR nitro blue tetra- 
*olium/5-br<imo-4-chloro-S-mdotyl phosphate or aubatrnto, 

EtectrophorvHc Mobility Shift- Assay /£MS.4>-Cri1a were washed 
with cold PBS and suspended in 160 /xl ofly^i? buffer flO m.M HFPE.S 
(pH 7.9\ 10 mM KCl, 0,1. mM EDTA. 0.1 mM EGTA. 1 mw DTT, O.o mM 
phGnylmothylsulfonyf nuorido, 2 ^/ml leupeptin, 2 ^p/ml ttprutinin, 
and 0.5 mg/ml henzo midinc). The cells were allowed r.o swell for 30 min, 
u ftcr which ^| of 10% Nonidct P-40 was added, vortexed. and 
CcntrifuRed, and the pellet was suspended in 25 >xl of nuclear extraction 
buffer (20 \\w HEPES. pH 7.9, 0.4 M NaCI, ]. nw EDTA. 1 mM EGTA, 1 
mM DTT, 1 inM phenylmethylsulfonyl fluoride. 2 ^tp/ml leupeptin, 2 
nffAnl api otinin. and 0.5 meyml benzamidine). Tho nuclear extract (8 up 
of protein) collected after 30 min by ceo trifu Ration was used to perform 
EMSA by incubating it with. 16 fmol of ftc P^n»j lobuled 45-mer double 
fdj'a.odcd NF-kB n^i^onuclwotide from the human imnmnodeficiency 
virus-1 long terminal repeat fr» , -TTOTTACAAG00ACTTTCCGCTG(i- 
GGACTTTCC AGGGAGGCCTGG-3 7 ) in the presence of 1 w^ml po!y(dr. 
dC) in a binding buffer (25 m?vr HEPES (pH 7.9), 50 mM NaCI, 0.5 imm 
EDTA, 0.5 mw DTT. 1% Nonidct P-40, and S% glycerol) for 30 min fit 
37 °C ond tho DNA-protoin complex was resolved using a 6.6^ native 
polyaorylamidc gel. The gel* were dried and the radioactive bunds were 
visualized by phosphorimamjur fBio-Rad Personal FX). 

MTTAsitay — For MIT assay, 25 /xl of MTT solution f6 mg/ml in PBS^ 
was added to cells (untreated Ond treated) cultured in 96-well plates. 
Celb wcr^! incubated for % h and 0.1 ml of the extraction buffer lUO^ 
sodium dodecyl sulfate in 50% dimethyl formamide) was added after 
r-emoval of MTT with a PBS wash, After an overnight incubation at 
37 e C. the optical densities at 570 n.ra were measured usine; n plate 
reader ( Bio-Rod), with the enraction buffer an a blank. The relative cell 
viability in percentage was calculated as (A r , ?<( of treated aamples/A^o of 
untreated samples) >: 100, 

FRJThymidin* lucvrpomtion—QitUs grown In Powell platea were 
treated with or without the indicated Concentration.s of EOF and at the 
end of 18 h. PHI thymidine was added to each well (0.0 /tiCi/well) and tho 
incubation was continued for a total pt^riod of 24 h. The culture medium 
wfie then removed, washed twice With PBS. and the proteins were 
precipitated with 59c trich lore nc otic acid. Toe supernatant was re- 
moved end after washing with ethanoJ. the celU were solubilined with 
0.2 m NaOH. and the I'ndtooctivity waj* counted unin^ a liquid scintil- 
lation on un tor. 

Anmxin-Pl Stmnitig—The cell* (10° cells/well) w«re seeded in 48- 
well plates and treated with or without EGF for 16 h. Then the cell* 
were wnahed with PBS and treated with IX assuy buffer, anncitin- 
fluoreaccin isotKiocyanate and propidium iodide (PD as per the prvVwol 
described in the annexin V apoptosis detection kit (ac-4252 AK) from 
Santa Cm* Biotechnoiogy. After 10-20 min. the wellR were washed 
with PBS mid preeniah apoptotic eel la were viewed using a Nikon 
fUioreacent micro.^cojK and photographed. 

Comet AK*<*y-~Comet aaaay was carried nut essentially as described 
(.38). Brmfly, the cella (trcntcd with or vviihwt EGF) were pelleted and 
resuspended in 0.6^ low melting point ag&r W *c at 37 *C and layered on 
a frosted raicroRcope slide previoualy coated with a thin Jayer of 0.5%. 
normnl molting agarose and kept for 5 rmn at 4 *C. Alter solidification, 
the slides were immersed in lysing solution (2.5 M NaCI, 100 mx EDTA, 
10 mM TrL*:, jiH 10.5. 1% Tritgn X-100, and \Q% Mc^SO) fhr 1 h at 4 "C. 
The Bliries were then electrophorcsed for 20 to 30 min at 25 V. Tho slidea 
after electrophoresis were washed with 0.4 M Trii* (pH 7.5) and stained 
with Cthidivun bromide (1 ^g/ml) and obaerved under a Nikon fluore.*. 
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Away* nf Cazpaxv 3 and CaypttMe B— The enzymatic activities of 
cusps ge 3 or cnapaeo 0 were OSsuyod spectrnfluori metrically (37V 
Briefly, the whole cell ly&Ate whs incubated with 50 um flu nrt metric 
substrates of cogposc 0 (Ac-DBVOAFCl or ctrcpaHe 9 (Ac/kEHD-AFCl 
in a total volume of 500 pi of reaction buffer (50 mini HI3PES-KOH> pH 
7.0, 10% glycerol, 0.1* CHAPS, 2 mAi EDTA, 2 nm DTT) at 87 e C for 
\ h. The rcleaped AFC was quanckateri using o s poc t rofl u or i meter 
fPcrkinEJmer LS-508) wHh the excitation and emission wavelengths nf 
380 and 460 nm, respectively. Values <>f relative fluorescence unit* 
released per mg of protein were calculated. 

RESULTS 

EGF Induces NF-kB DNA Binding Activity in A431-N<eo but 
Net A43J-7k3-u Cells — The human epidermoid carcinoma coll 
line, A431, overexposes EGFRs (about 2 X 10" EGFRa/cell) 
and has been extensively used aft a model system to study the 
effects of EGF on cell proliferation (7, 38-40). To .study the role 
itf NF-kB in EGF-induced apoptosis, we used A431 cells and 
stably transfected them with either the empty vector (pcDNA3) 
or pcDNA3-IkJ3-gj, a double mutant, construct in which both the 
serines C32 and 36) at the amino- terminal of IkB-a ace mutated 
to alanine. Because the double mutant form of UB*ft lacks the 
crucial serine residues that need to be phwphorylated by 
NF-kB activators, it is popularly employed to strongly inhibit 
NF-kB (28), As the construct, pcPNAS-IkB-cv, contains the he- 
magglutinin tag (HA tag). Western blotting of HA protein was 
used to ascertain the presence of the mutant IkB protein. As 
expected, all six clones of A431-IkB-« cells (selocted by G4l8> 
showed the presence of HA protein whereas the A43I-Neo cell*? 
transacted with control vector IpcDNAfl) did not show it* e*- 
pression (Fig. Further experiments with iKB-transfccted 
cells were done using only clone 6 of A431-IkB-« cells (showing 
very hi^h HA expression) unless stated otherwise. Western 
blotting with a polyclonal IkB-<* antibody confirmed that clone 
6 bad indeed a higher level of lxB-« expression compared with 
that in the parental as well as A431-Neo cells (Fig. W). For the 
Western blots, /*-actin was used as a control and the results 
confirm equal loading of the samples (Fig, 1., A and E). To aee 
whether transaction procedures affected the level of EGFR, 
Western blotting was carried out in parental, A43t-Neo» and 
A431-lKB-a cells and the results confirmed that EGFR levels 
remained unaffected in these cells (Fig. 1C). Because the very 
purpose of stable transection was to inactivate NF-kB, it was 
logical to check whether EGF could stimulate the NF-kB DNA 
binding activity in A43l-Ne»> and A43M«B*a cells (clone 6) by 
EMS A. Whereas 50 ng/ m l EGF enhanced the NF-kB DNA 
binding activity in A431-Neo cells, even 100 ng/ml EGF could 
not induce it. in A43MkB-ct cells and in the absence of EGF 
there were no active DNA-hinding complexes Of NF-kB in both 
the celJa (Fig. ID). To confirm whether the active complex 
contains the classical NF-kB partners, p50 and RelA, the nu- 
clear extracts prepared from A431-Nco cells stimulated with 50 
rtg/ml EGF were incubated with antibodies to RelA or p50 and 
then EMSA was carried ouL As shown in Fig. 15. both anti- 
bodies shifted the active NF-kB complex (supershift) whereas 
incubation with excess of an unlabeled oligonucleotide contain, 
ing the NF-kB binding site removed the active complex. Fig. IE 
also show* that transient transfection of A431-IkB-<* cells with 
TP.IA restored the NF-kB active complex, and relA transection 
was used by ms earlier to constitutively activate NF-kB in 
1,929 cells (33.i. These results confirm that the A431-IkB-« 
ceils express the mutant form of IxB-a that inactivated NF-kB 
and hence. EGF could not stimulate NF-kB DNA binding ac- 
tivity in those cells. The results also indicate that EGF can 
induce the NF*kB DNA binding activity in A43 1 -Neo cells and 
the active NF-kB complex contains the he?terodimers, p50 and 
RelA. In addition, the results show that RelA, being one of the 
heterodimeric partners of active NF-kB, favors the formation of 
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Fici. 1. Western blotting for HA and I*B-<r, and awewrment of 
NF-irB DNA binding activity in transected flrtd untransfected 
A431 cells. A, A431 cells were transacted with pcDNA3 vocUir or the 
pcDNA3-T«B-ct construct using LiuofectAMINE and the G418-resistant 
clOncF were selected OS described under "Experimental Procedurca/' 
del) lysatcs (40 |xg of protein) from the vector -trrms fee ted A431-Ner» 
colls and the different clones nf A43J..JkB-o: cells were subjected to 
SOS-PAGE and Immunol) lotted with HA antibody or 0-sctin 'control) 
by ECL an described under "Experimental Procedures." .5, eel] ly&ates 
from A431, A4ai-Nen, niul the cloiie-6 nf A431*lKB-ft celb? wer« sub- 
jected to Western blotting with an nntibody to or fl-actin (control) 
»is described above. C, ^imilsrly, the cell lyanlic from A431. A4H)-Nco. or 
A4yi-lKl3-fr coAh was subjected to Western blotting with on OOtibwdv to 
BGFH or fl-nctin Icontrol), A43l-Neo cells or A431-lKfe-cr celiB grown 
in 35-mm Petri dishCH (1 x 10" cells/dish) w C ro treated with EGF rtt the 
indic/ited concentrationH at 37 "C for I h. Nuclear cxtrscUj were pre- 
)i«rcd and EMS A done u» describod under "Experimentol Proce- 
dures.*" E, A431-NeO cell a were trcntcd w ith 50 nr{Anl BGF i\a described 
above and EMSA wos done as before, The nuclear extracts from EGF- 
stim ulotcd cclla were alan incobated with cither Rc'A or p50 antibody ni* 
wi th 10 timei eweoss <>r unlabeled oli^o. One of the lanes had thcnudwur 
extraet. prepared from A431-TkB-o cells transiently In^nsfocted with 
reJA as descrihed under "Experimental Procedures" and onothcr lane 
contrjined the labeled nlipo (fre<' probe) witheut the addition of nuclenr 
extract. All the experiments above worn done at least two timos with 
similar results. The arrawfimdst shown in panels D and E indicate the 
position? of the active DNA-brndiiifr complexes (if NF-kB. 

active NF-kB DNA binding complexes and has the potential to 
reverse the NF-kB- inactive ting effect of IkB. 

A431-IkB~(y Cells Are Morv Sensitive to EGF-induced Cyto- 
toxicity and DNA Frwgmcntaiiun Them A43l-Neo Cellx—Jo 
study the effects of EGF on cell growth under conditions of 
NF-kB inactive tkw, A431-Neo and A431'IkB-o cells were ex- 
poHeri to various concentrations of EGF end the ceil viability in 
percentftRe over untreated control wos determined afW 72 h by 
MTT assay. The MTT assay is a convenient screening aasay for 
the measurement of cell death while it does not discriminate 
between apoptosis and necrosis. EGF treatment at 0.01 and 0. J. 
ng/rol had a stimulatory effect on A4.31-Nco calk with cell 
viabilities of 130 and 11 respectively, if the viability of 
untreated control was taken as 100% at the end of 72 h (Fig. 
2A>. In contrast. EGF inhibited the A43MkB-o: cell? with only 



81 and 67^ of cells being alive for the concentrations of 0.03 
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Fin, 2. Inhibition of growth and DNA jynthceifl and induction 
of DNA frajymontfi Uon in A4S.1-Nco and A431-I«T|.<* cells by EGF- 

A, calls grown in 96-well plates (5 x 10 n cells/well) were incubuted for 
72 h either with medium or different concentrations ofEGF aa indicated 
and cell viability was assessed by the MTT o&say as described under 
TBxpcrimentaJ Procedures." JJ, coll* grown in 96-well plutes (5 X l(P 
colJa/wfill) were incubated with different concent rati one of KOFfor 24 h. 
nrtd them, the thymidine incorporation *u n measjuvc of DNA synthesis 
was determined aa described under "Experimental Procedures" And the 
results nre expressed as percentage uvcr the control (untreated cellsl, 
The ahovo experiments were repeated two times with similor results 
and all determination* were madi? in triplicate and the <>rr:>r />ors *how 
the standard deviations. C, cells U X If)*) were needed in flfi-mm Petri 
dltftc* and incubated with 5 ng/ml EGF for 24 h. AIW incubation, cella 
were trypsinizcd, pelleted, find the comet assay wo* done ns described 
under 'Experimental Procedures * The experiment was repented once 
roore wth similar results. 

and 0.1 ng/mi, respectively, compared with the control (Fig. 
2A). Aft can be seen in Fig. 2A> EOF at a cod cc titration of 1 
ng/ml and above was inhibitory to both A43l-Neo and A431- 
ItfB-o. cells. Thua, even at concentrations that were stimulatory 
to A43l-Nen cells. EGF inhibited the growth of A431-IkT3-o 
cells (Fig. 2A) suggesting that A43MxB-cv cellB are much more 
sensitive to EGF-induced cytotoxicity and these results were 
also confirmed in 2 other clone* of A43MkB-o- (data not 
shown). We also e<arnjaed the efTect of EGF on DNA synthesis 
by the method of thymidine incorporation after exposing the 
cells to different concentrations of EGF f 1-1(1 ng/ml) found to 
be inhibitory to both A43l-Neo and A431-J*B^ cella by the. 
MOT awjay EGF inhibited DNA synthesis in both A4.31.-Keo 
and A431-t«B-or cells in a dose-dependent manner and again 
the A431-Ii<B-ft cells were more sensitive to EGF-induced inhi- 
bition of DNA synthesis (Fig. 2Bh DNA frogmentation is an- 
other hallmark of apoptosis and to detect thi*, we have used the 
single cell gel electrophoresis (Comet assay), a sensitive tech- 
nique that allows detection of DNA strand breaks. DNA strand 



breaks create fragments that when embedded in agarose gels 
migrate in an electric field. Cells with damaged DNA when 
stained with ethidium bromide appear like a comet and the 
length of the comet tail represents the extent of DNA damage. 
Fig. 2C clearly indicates that well formed comets are more in 
number in A431-IkB-u£ than A431-Neo cells when induced with 
5 ng/ml EGF while the untreated cells did not exhibit the comet 
morphology in both the cells. These results suggest that A431- 
IkB-ot cells %vith inactivated NF-kB are more susceptible to cell 
death induced by EGF compared with A431-Nco cells. 

Relatively More A431'IkB-« Cells Undergo EGF-induced Ex- 
tcrnalizaiion of Pho$phatidyln£rin<t — To assess whei.her the cell 
death induced by EGF involves typical changes encountered 
during apoptosis, we first looked for changes in PS on the cell 
membrane. Under defined salt and calcium concentrations, 
annexin V is predisposed to bind PS that is externalized to the 
cell sxirfacc in the very early stages of apoptosis (41 , 42), Hence* 
apoptotic cells were detected usiug annexin V labeled with 
fluorescein isothiocyanate and photographed with a camera- 
attached fluorescent microscope. Addition of PT helps to distin- 
guish the early apoptotic cells from late apoptotic or necrotic 
cells because PI cannot enter the cells in the early stages of 
apoptosis when the membrane integrity is intact (41, 42). In 
A431-.htB-or cells 37 and 65% were annex! n positive after treat- 
ment with J5 and 10 ng/ml EGF, respectively, whereas only 9 
and 23% of the A431-Nen cells showed annexin positivity 
(greenish yellow) for the same corresponding EGF concentra- 
tions (Fig. 3). Untreated A431-Nco and A431-IkB-« cell* either 
did not show annexin positivity or had a very minimum num- 
ber of po&itively stained cells (Fig. 3). However, a small per- 
centage of A431-Nen and A431«IkB-ct cells also showed typical 
PI staining (yellowish red) suggesting the appearance of late 
apoptotic or necrotic cells with 10 ng/ml EGF treatment (Fig. 
3). These results indicate that in comparison with A431*Neo 
cells, a relatively large number of A481.-I«B-a cells exhibit 
externa ligation of PS, a typical feature of apoptosis upon treat- 
ment with EOF. 

A43J-lKB'i> Cells Arc More Sensitive to EGF- induced Apo- 
ptosis Thai Involves Cleavage of PARP, Activation of Caspar* 
3 and &. but Not Caspo.se 9 — In many systems caspaae 8 and 
easpa.se 9 act as initiator caspasea and caspase 3, the effector, 
signals for the final execution of the cells. Pro-caspa.se 3 was 
cleaved into its active fragments (p43/41. and plS) by 10 ng/ml 
TCGF in A431-Neo cells while even 5 ng/ml EGF could easily do 
it in A43.l-IxB-of cells as visualised by Western blotting and the 
uncreated, cells did not ahow any of the cleavage products (Fig, 
4/1). Caspase 3 activity was determined spectrofltiorimetrically 
using a substrate, Ac-DEVD-AFC, an acetylated synthetic tet- 
rapeptide corresponding to the upstream amino acid sequence 
of the caspase 3 cleavage site in PARP, and the fluorphor AFC 
(7-amimM-trifluromethyl coumarin). Whereas EGF-induced 
caspase 3 activity was 2.1-fbld more than the untreated control 
in A43l-I*B-a cells, it was only L2-fold more than the control 
in A431-Neo cells (Fig. 4ff). Caspase 9 activity was also deter- 
mined fluoriinelrically and EGF treatment could not induce 
caspase 9 activity in A43l-I*B-n and A43l-Neo cells, whereas 
curcumin used as a positive control activated caspase 9 in both 
cells (Fig. 4C). We also examined the cleavage nf a well char- 
acterized caspase 3 suhAtrate. PARP, from its 116-kDa intact 
form into the 89-kDa fragment by Western blotting. When 
A4S1.-UB-0? cella wore treated with 6 or 10 ng/ml EGF, the 
116-kDa form of PARP decreased and the 89-kDa form in- 
creased, indicating that the full-length PARP was converted to 
an apoptotic fragment while the untreated cells showed only 
the unclcaved fragment (Fig. 4D). Jn A431-Neo cells, both con- 
trol and 5 ng/ml EGF-treated cells did not exhibit the cleaved 
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Fig, 3. EOF- induced change* in annexui-Pl staining. Cells were 
incubated with or without f.hc indicated concentrations of J3GF for 16 h, 
and Stained for annexin-PI i»sifcivity (not shown in color) as described 
under ''topcriincntal Procedure?! t " The same result* wore confirmed In 
another independent experiment. 

product and even 10 ng/ml EGF could induce only a slight 
PARP cleavage fFig. 4»). The above recite confirm that the 
A431-IkB-« celta are more sen&itive to EGF-induced apoptosis 
than A43l-Nco cells by showing increased PARP cleavage and 
higher activation of caspaaes 3 and 8 but not 9 suggesting the 
operation of a caspasc 8-mediated extrinsic pathway. 

Chemical Inhibitors of'NF-\<B Enhance the SuseepUhiUty of 
A431-Ne.o CeUs whemas Activation of NF\<8 by RelA Rt^rses 
the Susceptibility of A431-IkB-u Call* to EGF-indticzd Cytotox- 
icity— To know whether chemical inhibitors of NF-kB would 
also enhance EGF-induced apoptosis, the A43.1-Neo cells were 
treated with known inhibitor? of NF-*B such as sodium salic- 
ylate (50 yM) or curcumin {10 pas) for 2 h prior to EGF treat- 
racnt. When compared with untreated cell*, 77% A431-Neo 
cella were alive in wells treated with 5 ng/ml EGF Tor 24 h (Fig. 
5A). If the viability of A43l-Neo cells treated with 10 u-m cur- 
cumin alone for 24 h was taken as 100, treatment with EGF 
after pretreatment with eurcumin reduced it to 71% (Fig. 5A ). 
Similarly, if 50 mm sodium salicylate pretreatment is compared 
with or without EGF the viability of A43,l-Neo cells was onlv 
61% (Pin. *A\ If lKB-niediated inhibition of NF-kB con posi- 
tively regulate ECF-induccd apoptosis, then this effect is ex- 
pected to be reversed by NF-kB, As expected, the transient 
transfection of relA into A43M*B-a cells partly reversed the 
cytotoxic effect of EGF as measured by an MTT assay (Fig. 55). 
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Firt, 4. Effccta of EGF on the activitiea of enspasee ft, and f), 
and PARP cleavage, A. cells (1 X 10*) were seeded in 35.mm Petri 
diahes and treated with or without EGF for 24 h. To detect the active 
CO*f>fltH» 3 fragments, the cell lysates were resolved on 12^ 5DS-PAGE. 
electrons nsferrcd onto a nitrowlluJoBe membrane, probed with caspaso 
8 Antibody UiSOOm, ond detected by the ftlkuline phosphatase method 
uaiiiR nitro biue totraaolium/r^broinD^-ehlorn-S-iridolyl phosphate n* 
substrate. B, cclM (1 X 10 R ) were seeded in 36-mm Petri dishes and 
treated with or without EQF for 24 h. Fifty microgram.* of total protein 
was incubated with 50 u*M caspase 3 fluorimetric substrate in a total 
volume of 500 *d of the reaction buffer and the fluophor released wns 
quantitated *|)CCtronuDriiiictrically described under "Experimental 
Procedure*." C, cells (1 x ,t0 n ) were seeded in 35-jnm Petri diahea rtnd 
(rooted with EOF or curcumin along with untreated contrul for 24 h. 
Fifty microRrnms of total protein was incubated with 50 jam caBpase 9 
fluorimetric subptrato P/ld the activity wo* (niantitated spectrofiuori- 
metrically as above. The i^produdbility of the*c CKpcriniontp wo* ,13. 
cerrj^incd by repeating them at leapt two times. D. colls { I x X<f) were 
seeded in Petri, diphps and treated with or without EGF for 24 h, 

To detect tlio cleavajre of PARP, whole cell lyfStc (40 /Ag) was resolved 
an a 7.5% poiyocrylnmidu gel, elftctrotransferred, probed with PARP 
antibody 1 1:3000;, and detected by ECL reagent as describiM eorlior. 
Si rail or results were obtained when the experiment wus repeated. 

The lusher expression of RelA in the tranafected cells was 
confirmed by Western blotting and to ensure tbflt proteins were 
loaded eq\iaJly, 0-actin controls were used (Fig. 5/J, inset). 
These resulta suggest that similar to IkB, NF-^B inhibitors also 
have the potential to enhance EGF-induced cell death and 
NF-kB has a protective role suggested by the higher level of 
resistance of A431-IkB-o* cells transiently transfected with rcZA 
to EGF-induced cytotoxicity. 

RelA Protects A43J Cells from EGF-induced Apoptasis— 
Because RelA reversed the effect of I*B-a it became relevant 
to know whether, on its own, it can protect the parental A431 
cells from EGF-induced apnpto«?is, To this end, we trans- 
fected the A431 cells stably with reLA and confirmed t.be 
higher expression of RelA in A431-RelA cells (clone \ and 
clone 2) compared with A431 and A431-Neo cells by Western 
blotting (Fig. 6Al Whtfo A431*Neo and A431-RelA call* (clone 
1) were compared for their relative viability in the presence of 
varying concentrations of EGF by the MTT assay, A431-KelA 
cells weTe notably more resistant to EGF (Fig. SB) and these 



results were also confirmed uein* clone 2 (data not shown) 
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Fit. 5. Influence of chemical inhibitors of NF**B and n?M 
tm.n«fcetion on EGF-n\cdiated growth inhibition of A43.VNco 
and AdSl-T^B-™ cells, respectively, A t A431-Neo cells (5 X 10'Vwelh 
w«ro seeded into 96-well plates und pretrea nod with 10 pJM curcuwin, 50 
mm sodium salicylate, or medium nlooe for 2 h. Tho cell* were then 
treated wUh or without 5 njg/ttil EGF for 24 h and the MT1 1 assay waft 
done a f described noch'cr. Triplicate somples were used and the error 
bars indicate the standard deviations and the results were confirmed in 
another independent experiment. B, A4Sl.lK.B-nr cells wore transiently 
transfected with reiA as described under Fig. LB. A431-Noo and A43L- 
IkH^t and the transfected cells (A43l-l*B.<HRclA) were seeded intn 
96-welJ plates (6 x ltfVwelO and treated with the indicated concentra- 
tions of EGF for 24 h and the MTT asssv was dona og described earlier. 
Triplicate /samples were usee) und the error bnr$ indicate the standard 
deviations. The result* were confirmed in another independent exper- 
iment. The iw«*< shows Western blots of RelA and fl-sctin control in 
Ad3l-NcA A431-I*Ba. and the transfected colls iA43]-lKB-*+RalA). 

but further experiments were done using clone 1 of A431* 
RelA cells. Similarly EGF-rnediated inhibition of thymidine 
incorporation was relatively more in A431-Ne« than A431- 
RelA cells confirming the protective rolo of RelA, against 
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Fu;> 6. Western blotting for RelA and EGF-tticdiated change* 
in growth. DNA synthesis, caepase activation, and PARP clenv- 
affe, A, A431 cells were cotranfifectod with pcDNAS vector and n>tA 
PMT2T ennstwet using J-ipofcctAMTNE and the 04 IfrrcsteUmt clones 
won? selected as doRcrilx'd under 'Experimental Procedure?.** Cell ly. 
sntoa (60 H ff of prtrteLn^ from the vector- transfected A43.t-Noo cells and 
rtiflWcnt clones of A44H-RelA cells were subjected to SDS-PA&E and 
immunoblotted with RclA or /J-actin (control) antibody hy tho alkaline 
phoKphotnsc method aa described under "Experimental Procedures." 8, 
cells were treated with or without, the Indicated concentrations of EGF 
For 24 h and tho MTT assay was done under the conditions described for 
Fig. 2. Triplicate samples were u*cd and the error fan indicate the 
standard deviations. Ttio revolts were confirmed in nnothcr independ- 
ent experiment. C T CCH* were treated with or without the indicated 
concentrations of EGF for 2<1 h and thymidine incorporation assays 
were done under t.Ke conditions described for Fig. 2. Triplicate samples 
were used and the error o/ir* indicate the standard deviation p. The 
results wore confirmed fn another independent experiment. T), A431- 
ReJA coll ^ wcro treated with or without the indicated concentrations of 
EGF for 24 h and cnnpasc 8 activity wa^ determined as described for 
Fig. 4. E, cells were treated with or without the indicated concentra- 
tions of EGF for 24 h and enspase 3 activity wn? determined as de- 
scribed for Fig. 4. F. cells svere treated with or without tho indicated 
concentrations of EGF for 24 h and PARP cleavngu wob determined a.* 
described fin- Fic, 4, 

EGF-niediatod coll death (Fig. 6C), In addition, varying EGF 
concentrations even up to 50 np/ml could not induce caspnsc 
8 (Fig. 6D) nr caapasc 3 (Fig, 6^) activitiee or PARP cleavage 
<Fig. 6F) in A431-RclA cells. 

KGF Up-regulate* the Expression ofc-JAP) in A437-Nco Cells 
and It* Rasa] Expression fe Higher in.A431~R<?lA Cella—Aa IAP 
is considered to be one of tha survival proteins induced by 
>TF-*B 4 it was of interest to Htudy the effect of EGF and RelA on 
TAP expression. Expression of C-IAP1 was observed by Western 



Wotting in A433-Neo cells stimulated with LO ng/mJ EGF for 
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Fig. 7. Effecta of EGF on IAP expression in A43l-Neo and 
A43.1~Re1A 0*11*. Cells fL * 10*) were seeded in 35- mm Petri dtebc* 
and treated with or without EGF (10 ugfaiJ) for 24 h. To detect. IAP 
expression, the cell lyaateB were resolved nn 10% OTS-PAGE, clCCtro- 
transferred onto a nitrocellulose membrane, probed with o-lAPl or 
fl-tlctin (control) antibody, nnd detected by ECL ft* described under 
"Experimental Procedures," The results wero confirmed in another 
independent experiment 

24 h and A43.1-:RelA cells had a higher basal level of c-EAPl 
that waa not further increased by EGF (Fig. 7). These results 
suggest that Re! A up-regulates the expression of c-TAPl and 
EGF up-regulates it presumably through the activation of 
NF-kB. 

LY294002, an Inhibitor of PT-3K, Sensitizes A43 J -RetA Cell* 
but Not A43J-NPM Cells to ECF-induced Cytotoxicity— We also 
examined for the involvement of the P1-3K pathway known to 
activate Akt that enables survival of cell? hy the activation of 
NF-kB. In Western bint analysis using a phosphorylation -spe- 
cific antibody to Akt, there was no detectable phosphorylation 
of Akt in A431-Neo cells in the presence or absence of EGF, 
whereas even the unstimulated A431-:ftelA cells exhibited 
phosphorylation of Akt that was further enhanced by EGF (Fig. 
8A>, An inhibitor of PI-SK, LY294002, inhibited EGF-induced 
phosphorylation of Akt in A431-RelA cells whereas the expres- 
sion of total Akt protein remained unaffected by EGF treat- 
ment in A431-Neo and A431-RelA cells (Fig, 8AJ. EGF de- 
creased the growth of A431-Neo cells whereas LY2 94002 alone 
did not affect their viability and addition of LY294002 together 
with EOF had no further effect on the growth of A43.1-Neo cells 
(Fig. SB). In contrast, EGF did not inhibit the growth of A431- 
RelA cells but addition of LY2940O2 together with EGF de- 
ereayed their viability (Fig, SB). These results suggest that 
RelA could activate Akt and EGF could activate it further in 
A431-RelA cells and even though inhibition of PI-3K by 
LY294002 could not enhance EGF-induced cell death of A431- 
Neo cells, it did sensitize A431-RelA cells to EGF, 

Taken together, the results of the present study suggest 
that EGF induces typical features of apoptosis in A431 cells 
such as the exte realization of PS, DNA fragmentation, and 
activation of caspasea (3 and 8 but not 9). These hallmarks of 
apoptosis induced by EGF were potentiated by NP-kB inhi- 
bition by UB-«! and RelA relieved the effects of IkB-oj on 
EGP-mediated cytotoxicity. The chemical inhibitors of NF-k-B 
alHo enhanced the growth inhibitory effects of EGF aad these 
results together support an aoti-apoptotic role for NF-*.B. This 
is further supported by the protective role of RelA observed, in 
A431-Ko)A cells against EGF-mediated apoptosis. A model for 
the regulation of EGF-induced apoptosis incorporating the 
known, mechanisms and contribution? From the present study is 
shown in Fig. 9. 

DISCISSION 

Several studies have reported that high (nanomolar) concen- 
trations of EGF caused growth inhibition and apoptosis of A4.11 
cells while low (picomolar) concentrations of EGF promoted cell 
proliferation (7, 35, 40, 43, 44). Many hypotheses have been 
proposed to explain the mechanisms by which EGF inhibits cell 
prol iteration, arrests cell cycle, and induces apoptosis, Increase 
in EGFR tyrosine kinase activity because of excessive Kgsnd 
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Fro. 8. Etfect of LY294002 on Akt phosphorylation and sur- 
vival of A431«Neo and A43l-RelA cells. A, rolls ft X 10") grown in 
35-mm Petri aiijjie* were pretrcKted with LY29400U (20 ^m) for 2 li and 
then treated with EGF (10 n^ml) for I h and vho cells that rceoived no 
treatment SOrved SS control. Cell lysstoe wore probed with phoflpho-Akt 
(Thr"'*) antibody (1:1000) by Western blotting by ECL as described 
above itnd the same hlot wjw reprobed with an antihndy ( 1 : 1000) r/> Akt,. 
B. celle were pretreated with LY2fM002 120 /am I for 2 h und then with 
EOF UO ngftnl) and incubated for 24 h nnd the MTT aRRay wan done ns? 
described under "Experimental Procedure?." The above experiments 
were repeated with similar results. 

binding is said to result in growth inhibition and programmed 
cell death nnd the level of EGFR tyrosine kinase activity reg- 
ulates the expression of p21 ( 17, 3S). It has al*o been suggested 
that EGF arrests cell cycle progression through Statl activa- 
tion and elevation of p21 that eventually inhibits cdk2 activity 
1 43-45). However, Statl activation by EGF was not detected in 
a number of cancer cell line* with abnormal EGFR expression 
US. 45). The dual effect of EGF on the proliferation of A43.1 
cells is also attributed l.o differential activation of p42 MAP 
kinase at low and high concentrations of EOF (11, 46). Another 
hypothesis proposes that EGF-induced apoptosis is the result 
of a decline in cell adhesion (47), and detachment of cells 
because of anoikis is said to be responsible for the paradoxical 
anti-prohferative effects of EGF (16, 48). Our results do not 
Support the view that EGF-induced apoptosis results from the 
loss of cell-substratum attachment and many other workers 
also have not observed EGF-induced anoikis of A431 or other 
EGFR-overexpresting cells (8, 11, 49, 50). The result* of the 
present study suggest, that EGF-induced apoptosis operates 
through the extrinsic pathway mediated through caspase 8 and 
not the mitochondrial pathway involving caspase 9. In con- 
trast, EGF-induced apoptosis of MDA-MB-4G8 breast cancer 
cells that also overexpresa EGFR has been reported to involve 
the mitochondrial pathway of caspasc activation (16). Similar 
to our resuJtn with EGF, heregulin also enhanced the degrada- 
tion nf PARP but unlike EGF, heregulin activated caspase 9 
without any significant activation of caspase 3 (51). Cripto-1 
mediates the induction of caspase 3-like protease and down- 
regulates the expression of Bcl-XL 0.5). UCVA-1 cells, derived 
from human pancreas adenocarcinoma, have a high number of 
EGFR* but their growth is not inhibited by EGF, highlighting 
the complexity of the mechanisms involved in EGF-induced 
apoptosis (52). Thus, the regulation of EGF-induced apoptosis 
appears to be a complex process involving the interplay of 
several regulatory molecules. 

In addition to the mechanisms by which the growth factors 
exhibit both stimulatory and inhibitory activity in a single cell, 
the final outcome :is presumably influenced by a host, of regu- 
latory molecules other than the growth factors and their recep- 
tors ('33, 54). It is Urns clearly important to recognize that a 
potent mitogen like EGF also sends out apoptotic signals and 
identify conditions in which these signals ore regulated. Tn the 
present, study, we have hypothesized such a condition and 
demonstrated, for the first tunc that NF-kB inhibition makes 
A431 ceils more susceptible to EGF-induced apoptosis whereas 
RelA protects them against it. EGF stimulation in A431 cells 
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Fig. 9. Prop™*? model for the regulatory steps involved in EOF induced apoptoata. BGF-induced activation of it* roccptOT i.< aoid to 
^^Tn^ S^^ 1 ^ and apopt /^*V DnmrMRuMmi of BQPRta also postulated to induce flpoptosie, and activation of Stat-1 
1 "? - 1 1 thst «M rwultfci eel I cycle arrest or apoptosis, respectively. In addition to these mechanism* 

£ i™>%T^ P T&rS n ^ ti^poptotic rcgtUatioii alBO cx.at* that inched** ortivntion of Akt or NF-k»B. EGF-induced activation of EGFR i* known 
!ZS i £ actlv ?te JKX ^| tm& m the activation of NF-kB thnt block* apoptosis through TAP*. Ectopic exprewoQ of RolA 
activates Akt and also induce* e-IAPl and block* apoptoBi* while the uae of chemical inhibitor* or T«R.<> DM accelerates EGF-induced apoptosis. 



enhances the degradation of IkB-o, but not 1kB-j3 and protca- 
f?ome inhibitors such as ALLN or MG132. block EGF*inediateri 
NF-kB activation, indicating that EGF-induced NF-kB activa- 
tion requires prate aaome-dependent JkB degradation (25). Sim- 
ilar to the findings of the present study, EGF-induced DNA 
binding complex of NF-kB in A431 was found to be composed of 
pSO/RelA hetcrodimnrs. but not c-Rel (25). In agreement with 
onr results, a recent report ha? shown that both the protein 
kinase C inhibitor Go6976 (also inhibits NF-kB) and expression 
of dominant-negative NF-kB inhibitor kinase mutants caused 
apoptosis of EGF-stimulated mammary tumor cells wherea* 
EGF alone did not induce apoptosis in these cells (55), In 
contrast to our results, it hti* been reported, that infection of 
adenoviral vectors expressing I*B reversed the EGF-induced 
cell growth inhibition of A431 cells (56). U*e of high concentra- 
tions of EOF (100 ng/mj), transient expression of UB, and 
drawing conclusions onjy based upon cell counting (proportion 
of live and dead call* not shown) may account for this discrcp- 
ancy. Furthermore, caspase activities or other apoptotic pa- 
rameters were not measured in that study. Consistent with our 
results, blocking Raa (known to activate NF-kB'i with dnminant 
negative Ras mutants in EGFR overexpressioa; celle aleo po- 
tentiated EGF-induced apoptosis (8). EGF did nut affect the 
levels of several proteins that regulate apoptotic pathways, 
including Bci-2, Bcl-XL, Bax, and p53 in human ovarian cancer 
ceils (57). Many workers have shown that Akt. a serine/threo- 
nine protein kinase and a downstream target of P1-3K, sup- 
presses apoptosis by activating NF-/cB (56-60) and accordingly 
blocking the EGF-induced phosphorylation of Akt sensitises 
the otherwise resistant A431-RelA cells to EGF-mediated 
growth inhibition. However, the spontaneous phosphorylation 
nf Akt in A431-RelA cells places Akt as a downstream target of 
NF-kB and it is interesting to note that Mocking this basal 
phosphorylation with LY294002 does not aflbefc their viability. 



Consistent with our results, overexpression of RelA stimulated 
the phosphorylation of Akt in NIH 3T3 cells and in addition 
increased the expression of Akt mRNA and protein (61). Akt 
does not seem to be involved in EGF-induced NF-kB activation 
of MDA-MB-468 cells that also overexprees EGFR (62), The 
mechanism by which ectopic expression of Kel A results in the 
phosphorylation of Akt is not known and further work is in 
progress to understand the contribution of Akt in EGF-induced 
apnptosis. Similar to the EGF-induced expression of c-IAPl in 
the present study. TNF also stimulated its expression (63). 
Cbl-b inhibits EGF-in<Uiced apoptoaia by enhancing ubiquiti- 
nation and degradation of activated EGFR (641, 

Our results support an anti -apoptotic role for NF-kB and 
suggest the possibility that EGF-induced apoptosis in vivo may 
be regulated by NF*«B. However, whether EGF-induced apo- 
ptosis occurs in vivo in tumor cells is not known. If EGF- 
induced apoptosis does not occur in vivo, it is still Ingical to 
think that anti-apoptotic factors such aA NF-kB guard the 
tumor cells against responding to such apoptotic stimuli. Con- 
sistent with this speculation, NF-kB is constitutively activated 
in a number of tumors (22, 26). In addition, tumor cells are also 
known to express many anti-opoptotic proteins such as Bel -2 
and their role in EGF-induced apoptosis remains to be deter- 
mined. Our identification of a role for NF-*R in EGF-induced 
apoptosis opens up new lines of investigation pertaining to 
EGF receptor-mediated signaling, Further studies on the role 
of NF-kB and its regulators in EGF-induced apoptmris are 
Likely to be relevant for a better understanding of the biology of 
human tumors as well as EGF-induced normal growth. 
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Phosphorylated AKT Expression Is Associated 
With PIK3CA Mutation, Low Stage, and 
Favorable Outcome in 717 Colorectal Cancers 

Yoshifuir>i Baba. MD 1 ; Katsuhiko Nosho, MD 1 : Kaorl Shima. PhD 1 ; MarMv? Hayashi, BS 1 : Jeffrey A. Meyerhardt, MD 1 ; 
Andrew T. Chan, MD 2 ; Edward Giovannucci, MD 2,4 ; Charles S. Fuchs, MD 1 a ; and Shuji Ogino. MD 1 5 

BACKGROUND: AKT (AKT1. AKT2, and AKT3) was a downstream effector of pho*phatidylinOsitide-3-kinase (PI3K) 
and played crucial roles In protein synthesis, cellular metabolism, survival, and proliferation. The P13K/AKT pathway 
was commonly activated in human cancers and was recognised as a potential target for anticancer therapy, Nonethe- 
less, clinical, molecular, or prognostic features of AKT-actlvated colon cancer remained uncertain. METHODS: Using a 
database of 717 colon and rectal cancers in the Nurses' Health Study and the Health Professionals Follow-up Study, 
Ser473 phosphorylated AKT (p-AKT) expression was detected In 4*8 (62%) tumors by immunohistochemistry. Cox 
proportional hazards model was used to compute mortality hazards rat>o (HR), adjusting for clinical and tumoral fea- 
tures, including P/K3CA, KQA$, BPAF> microsatelllte instability (MSI). CpO island methylator phenotype (CIMP), LINE-1 
methylation, TP53 <p53). and FA$N (fatty acid synthase). RESULTS: Tumor j>AKT expression was associated with 
PIK3CA mutation (odds ratio [OR], 1.77; 95% confidence interval [CI], 1.12-2,80; P - -015). p-AKT expression was signif- 
icantly associated with longer colorectal cancer-specific survival in Kaplan-Meier analysis (log-rank P *- ,0005), uni- 
variate Cox regression (HR, 0.62: 95% CI. 0.47-0.82; P » .0006) and multivariate analysis (adjusted HR, 0.75; 95% CI, 
0,56-0.99: P ^ .048) adjusting for clinical and molecular variables including PIK3CA, MSI. ClMP and LINE-1 hypome- 
thylation. p-AKT expression was inversely associated with high stage (MI-IV) (adjusted OR, 0.63; 95% CI, 0.45-0,88, 
P ^ .0071). CONCLUSIONS: p-AKT expression in colorectal cancer i$ associated with low stage and good prognosis. 
p-AKT may serve as a tissue biomarKcr to identify patients with superior prognosis and a possible therapeutic target 
(analogous to estrogen receptor £5Ri in breast cancer). Cancer 20 1l;n 7; 1399-408, & 2010 A merfcan Cancer Society. 

KEYWORDS: pAKT, P13K. clinical outcome, personalized medicine, colorectal carcinoma. 

AKT, a serine/threonine protein kinase, is a major down$rre:im effector of pha5phatidylino$ir.idc-3-kinasc (PI3K). UA 
AKT has 3 isoforms, including AKT I, AKT2 and AKT3. and plays crucial role.? in regulating a wide range of cellular proc- 
esses, including protein synthesis, cell survival proliferation* and metabolism. 1 '* In human cancer, ihe PT3K/AKT path- 
way is aberrantly activated by growth factor stimulation and subsequent acriv<mon of receptor tyrosine kinases, as well as 
by a mutation, deletion, or amplification of a key pathway component (eg. PIK3CA, PTEN* OtAKTl), U * Therefore, This 
pathway has been recogni7.ed as an attractive target for anticancer therapy. 4 "*' Thus, better understanding of the role of 
AKT activation in human cancer is increasingly important. However, prognostic significance of AKT activacion in hunmn 
cancers remains inconclusive; phosphorylated AKT (p-AKT) expression (ic. AKT activation) has been associated with 
poor prognosis in some types of cancers/ ~ y but with fev^rable prognosis in orher types of cancers. 1 °" M Studies have shown 
thar p-AKT expression in colorccral cancer is not associated with patient survival 15 ' 18 ; however, they arc all limited by lack 
mutation data and/or low statistical power (N <160 in all 1 but 1 study 1 "). Given accumulating evidence 
on vital roles of AKT in cellular metabolism, wc hypothesized rbar AKT-activatcd cancers and AKT-in active cancers 
might behave differently. 
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To test this hypothesis, we used a database of 71? 
stage MV colorectal cancers in two prospective cohort 
studies and examined the prognostic role of p-AKT 
expression. Micrnsueljite instability (MSI), the CpG 
island methyktor phenotype (CIMP) status, and LINE-] 
hypomcthylation (ie, global DNA hypomethylation) 
reflect globat genomic and epigenomic aberrations in tu- 
mor cells and determine clinical, pathologic, molecular* 
and prognostic characteristics oP colorectal Cancer. 19 It is 
widely accepted rhat activating mutations in P/A3G4. 
KRAS, and BRAF play vital roles in colorectal carcinogen- 
esis. TP53 is a crucial tumor suppressor gene in the patho- 
genesis of colorectal cancer. FASN (Fatty acid synthase) is 
physiologically regulated hy energy balance and may 
interact with the P13K7AKT pathway. 20 Prognostic effect 
of FASN expression in colon cancer differs according 10 
body mass index, 21 Since we concurrently assessed these 
important molecular variables, we could evaluate the in- 
dependent effect of p-AKT on patient survival after con- 
trolling for these molecular events. Our findings of the 
relationship between p-AKT expression and good out- 
come suggest thai p-AKT may serve as a tissue biomarkcr 
co identify patients with better prognosis and a possible 
therapeutic target (analogous to estrogen receptor ESRl 
in breast cancer). 



MATERIALS AND METHODS 
Study Group 

We used the database of two prospective cohort studies: 
the Nurses' Health Study (N = 1 21 ,701 women followed 
since 1976)> 22 and the Health Professionals Follow-up 
Study [N = 5 1,529 men followed since 1 9%) 22 Wc col- 
lected paraffin-embedded tissue blocks from hospitals 
where patients underwent colorectal cancer resections. 
Tissue sections from all colorectal cancers were reviewed 
by a pad\ologist (S.O.). Based on availability of adequate 
tissue specimens and follow-up data, a total of 717 colo- 
rectal cancers (diagnosed up to 2004) were included. 
Patients were observed until death or June 30, 2009, 
whichever came first. Tissue collection and analyses were 
approved by the Harvard School of Public Health and 
Bttgham and Womcn-s Hospital Institutional Review 
Boards. 

Sequencing of KRAS, BRAF and PfKJCA and 
MS! Analysts 

DNA was extracted from rumor. Polymerase chain reac- 
tion (PCR) and pyrosequencing targeted for KRAS? y 



BRAF* A and P/K3CA were performed." MSl-high was 
defined as >30% unstable microsaiellite markers, and 
MSl-low/microsatcllite stable (MSS) as 0-29% unstable 
markers. 3 ^ 

Methylatfon Analyses for CpG 
fsfands and LINE-1 

Bisulfite DNA treatment and. real-time PCR (Methy- 
Light) were validated. 2 '' We quantified DNA mcthylation 
in 8 ClMP-specific promoters {CACNAIG. CDKN2A 
(pi 6), CRABPL JGF2, MLHl, NEUROGt. RUNX3, 
and SQCSfi?** 0 CIMP-high was defined as the presence 
of >6/8 methylated promoters, OMP-low as 1/8-5/8 
mcthylaced promorers, and CIMP-0 as the absence (0/8) 
of methylated promoters.' 10 ''' 1 To accurately quantify 
LINE-l merhylation. wcusedpyjosequencing- 32,33 

Immunohistochemistry 

Tissue microarrays (TMA$) were constructed. 22 Two 0.6- 
mm cissue cores each from tumor and normal colonic 
mucosa were placed in each TMA block. Methods of 
immunohistochemistry were previously described for 
TP53 (p53) and FASN, 31,2 * AKTl is partially activated 
through phosphojylai:ion of Thr308 and reaches its maxi- 
mum activity after phosphorylation of Ser473 in tandem 
with that of Thc308. Similar phosphorylation sires are 
present in AKT2 and AKT3. To dace, the most successful 
biomarker for evaluating the status of AKT activation is 
Ser473 phosphorylated form of AKT. 34 In our current 
study, we used the pan-AKT antibody (rabbit monoclonal 
ami-pbospho-Akt [Ser473] [736E11], Cell Signaling 
Technology. Boston, Mass), which detects AKTl only 
when phosphorylated at: Ser 473, and AKT2 and AKT3 
only when phosphorylated at equivalent sites, according 
to previous studies,*' 10,1 *' 1 ' 

For phosphorylared-AKT (p-AKT) .staining, depar- 
arfinized tissue sections in Antigen Retrieval Citra Solu- 
tion (Biogcnex Laboratories, San Ramon, CA) were 
created with microwave in a pressure, cooker (25 min). 
Tissue sections were incubated with 5% normal goat 
scrum (Vector Laboratories, Burlingame, CA) in phos- 
phate-bufrcred saline (30 min). Primary antibody against 
p-AKT (1:100 dilution) was applied, and the slides were 
maintained ac d C for overnight, followed by rabbit sec* 
ondary antibody (Vector Laboratories) (60 min). an avi- 
din-biotin complex conjugate (Vector Labornronss) (60 
min), diaminobenzidine (5 min), and methyl-green coun- 
tcrstain. Appropriate positive and negative controls were 
included in each run of immunohistochemistry. In each 
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Figure 1, immunohiabochemistry for o-AKT expression in colorectal cancer (A) Positive for p-AKT cytoplasmic expression in colon 
cancer cells (white arrowheads). CB) Negative for p-AKT expression in colon cancer cells (black arrowheads).' Stromal cells serve 
as an Internal positive control for p-AKT expression (arrows). 



case, wc recorded cytoplasmic p-AKT expression as no 
expression, weak expression, moderate expression, or 
strong expression compared to normal colonic epithelial 
cells (Fig. 1). Considering that AKT is downstream of the 
PI3K pathway. 1 " 3 we used /VA3G4 mutation frequency 
data to determine a cutoff for p-AKT positivity. 

We randomly selected 364 tumors as a training set, 
leaving the remaining 35.3 as a validation set. Using the 
training set, the frequency of PIK3CA mutation was as 
follows: 13% (16/119) in tumors with no expression, 
20% (19/94) in tumors with weak expression, and 19% 
(21/110) in tumors with moderate/strong expression. 
Thus, p-AKT positivity was defined as the presence of 
weak to strong expression. In the remaining validation set, 
p-AKT positivity was associated with PIK3CA mutation 
(odds ratio [OR], 2.00; 95% confidence interval [CI]. 
1.02-3-94: P= .040), confirming the validity of the cucoff 
for p-AKT positiviry, although it might not he the best 
curofF. Thctc wiw no perfect correlation between PIfQCA 
mutation and p-AKT. in part because there were Other 
mechanisms of AKT activation (ie, PTEN loss and/or 
mcthyhtion, PIJ&CA amplification, and PIIQR! muta- 
tion). p-AKT expression might serve as a surrogate of 
AKT activation By any of these cause*. 

Each immunohistochemical maker was visually 
interpreted by one of the investigators (p-AKT by Y.B.; 
TP53 and FASN by S.O.) unaware of other data. For 



agreement studies, a random selection of 10S-246 cases 
was examined, for each marker by a second pathologist (p- 
AKTbyK.S.,TP53»nd FASN by K.N.) unaware of other 
data. The concordance between rhe two pathologists (all P 
<,000l) was 0.81 (k = 0.59. N = 132) for p-AKT, 0.87 
(k rr. 0.75. N = 1 08) for TP53, and 0.93 (tc 0.57, N = 
246) for FASN, indicating good agreement. 

Statistical Analysis 

Wc used the SAS program (Version 9.1, SAS Institute, 
Gary, NC). All P values were two-sided. When we per- 
formed multiple hypothesis testing, a /'value for signifi- 
cance was adjusted by Bonfcrroni correction, to p = 
0.0031 . For categorical data, the chi-squarc test was per- 
formed. To assess independent relationship between p- 
AKT and disease stage (an outcome variable), a multivari- 
ate logistic regression analysis was performed, initially 
including sex. age ar diagnosis (continuous), body mass 
index (BMJ, <30 vs. >30 kg/m"), family history of Colo- 
rectal cancer in any first-degree relative (present vs. 
absent), tumor location (rectum vs. colon), tumor grade 
(high vs. low), CLMP (high vs, Iow/0), MSI (high vs. low/ 
MSS), LINE-] mcchylarion (continuous), BRAfi fCRAS. 
PJK3CA, TPf>3, FASN, and p-AKT expression. A hack- 
ward stepwise elimination with a threshold of 7*= .20 wa.< 
used to select variables in the final model. For cases with 
missing information in any of categorical variables (ferVU, 
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0,1%; tumor grade, 0.4%; TP53, 0.6%; FASN, 0.8%; 
CIMP, 1.7%; MSI, 2.0%; BRAF, 1.5%; KRAS* 1.1%; 
and P/IOCA, 1 0%), we included those cases in a majority 
category ofchat missing variable in the initial model. After 
the selection was done, we assigned separate missing indi- 
cator variables to chose cases with missing information in 
any of the categorical covariares in the final model. 

For survival analysis, Kaplan-Meier method and 
log-rank test were used. For analyses of colorectal cancer- 
specific mortality, deaths as a result of causes other than 
colorectal cancer were censored. To assess independenr 
effect of p-AKT on mortality, tumor stage (l> HA. IIB, 
IIIA, WB, TflCj IV. unknown) was used as a stratifying 
variable .in Cox models using rhe strata option in the SA$ 
proc phreg command to avoid residual confounding and 
overfittmg. Wc constructed a multivariate proportional 
hazards model to compute a hazards ratio (HR) according 
to p-AKT status, initially containing sex, age, BML family 
history of colorectal cancer, year of diagnosis, tumor loca- 
tion, tumor grade, TP53, FASN, CIMP, M$I, BRAF. 
WAS, PIK3CA, and LINE- 1 tnethylation. A backward 
stepwise elimination with a threshold of./ 3 = .20 was used 
to select variables in rhe final model. The proportionality 
of hazard assumption was satisfied by evaluating time-de- 
pendent variables* which were the cross-product of the p- 
AKT variable and survival time (P >,3l). An interaction 
was assessed by including the cross-product of p-AKT 
variable and another variable of interest (without data- 
missing cases) in a multivariate Cox model, and the Wald 
rest was performed. 

RESULTS 

p-AKT Expression in Colorectal Cancer 

Among 717 colorectal cancers* we observed phosphotyl- 
ared ART (p-AKT) expression in 448 tumors (62%) by 
immunohistochemistry (Fig. 1), Although variability of 
p-AKT staining between tissue cores in a given case was 
not substantial, we obtained 4 tissue cores from each case 
to overcome with in- tumor heterogeneity. Table 1 shows 
p-AKT status in relation to clinical, pathologic and mo- 
lecular features. Notably, there was no difference in fre- 
quencies of p-AKT positivity between cases prior to 1995 
and those in 1 995 or after (P = .S5)> suggesting that die 
age of tissue block might not substantially influence our 
results. Consistent with a possible causal link between 
PTK3CA mutation and p-AKT expression, p-AKT expres- 
sion was significantly associated with PIK3CA mutation 
(OR, 1 .77; 95% CI, 1 .12-2.80; p = 0.015). Tn addition, 



p-AKT expression was associated positively with FASN 
expression (p — 0.0025), and inversely with stage IU-IV 
disease (p ^ 0.0022) and high tumor grade (P <.000 J ). 

In multivariate logistic regression analysis assessing 
the independent relationship between p-AKT expression 
and disease stage, p-AKT expression was inversely associ- 
ated with high disease stage (stage JIT- IV) (adjusted OR, 
0.63; 95% CL 0.45-0,88; P= .0071) (Table. 2). 

p-AKT Expression and Patient Survival 
During follow-up of 717 patients with survival data (me- 
dian follow-up time 1 1.6 years for censored cases), there 
were 34 1 deaths, including 210 deaths due to colorectal 
cancer. In Kaplan -Meier analysis, p-AKT expression was 
associated with longer colorectal cancer-specific survival 
f log-rank P = .0005) and overall survival (log-rank P = 
.014) (Fig. 2). 

Compared to p-AKT-negarive cases, p-AKT- posi- 
tive cases experienced a significantly lower colorectal can- 
cer-specific mortality in univariate analysis (HR, 0.62; 
95% CI, 0.47-0.82; P- .0006] and multivariate analysis 
(adjusted HR, 0.75; 95% CI, 0.56-0.99; P= MS) (Table 
3). The attenuation in the effect of p-AKT expression in 
the multivariate analysis was principally the result of 
adjusting for disease stage; when wc simply adjusted for 
disease stage, p-AKT overexp region was associated with 
HR of 0.72 (95% CT, 0.54-0.94). Similar results, 
although somewhat attenuated, were observed in analysis 
for overall morality (Table 3). Our data suggest that, de- 
spite the role of AKT activation in carcinogenesis, p-AKT 
expression marks a subtype of colorectal cancers with in- 
dolent behavior, which is analogous to estrogen receptor 
(ESR 1) expression in breast cancer. 

interaction Between p-AKT Expression and 
Another Variable in Survival Analyses 
We examined the influence of p-AKT positivity on can- 
cer-specific mortality across strata of Other potential pre- 
dictors of survival, including age, sex, year of diagnosis, 
BMl, family history of colorectal cancer, tumor location, 
stage, MSI, CIMP, KRAS, BRAF, PIK3CA* LINE-] 
mechylation, TP53. and FASN. There was no evidence 
for significant effect modification by any of the variables 
examined (all /> interaction >.l0). Notably, the effect of 
p-AKT d»d not signiricnntly differ between the two inde- 
pendent cohort studies (P interaction = .53), or between 
tumors prior co 1995 and those in 1995 or after (Pinter- 
action ==.15). 
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TabfQ i, p-Ak7 Expression in Colorectal Cancer 0 



Clinical or MolecuJar Feature 



-Ml cases 

Sex 
Male 
Female 

Age (years) 
<65 
*65 

Body mass index (BMI, kg/m 2 ) 
<25 
25-29 
&30 

Family history of colorectal cancer In 
any first-degre© relative 
{-) 
(+) 

Year of diagnosis 
Prior to 1995 
1995 10 2004 

Tumor location 
Rectum 

Distal cofon (splenic flexure to sigmoid) 
Proximal colon {cecum to transverse) 

Stage 
I 

II 
III 
IV 

Unknown 

Tumor grade 
Low 
High 

MSI status 
MSWOW/MSS 
MSI-hign 

CIMP status 
CIMP-O 
CfMP-low 
ClMP-high 

BRAF mutation 
<-) 
(+) 

KRAS mutation 
{•) 
{+) 

PIK3CA mutation 
(-) 
M 

LINE-1 methylab'on level (MeamfcSD) 
TP53 expression 
(-) 
(+) 

FASN expression 

(-) 
{+) 



Total N 



p-AKT Expression 



717 



259 (3$%} 
458 {34%} 

265 (37%) 
452 (63%) 

313 (44%) 
261 (39%) 
122 (17%) 



545 (76%) 
171 (24%) 

275 (38%) 
442 (62%) 

141 (20%) 
221 (31%) 
355 (50%) 

161 

221 P1%) 
200 {?.&%) 
98 (14%) 
37 (5,2%) 

64© (91%) 
C5 (9.2%) 

583 (83%) 
121 (17%)- 

296 {42%) 
291 (41%) 
118(17%) 

597 (85%) 
109 (15%) 

441 (8?%) 
298 f38%) 

534 (63%) 
108 (17%) 

61.1^9.4 

432(61%) 
281 (39%) 

593 (84%) 
113(16%) 



269 



79 $9%) 
190(71%) 

108 (40%) 
161 (60%) 

126 (47%) 
96 (36%) 
47 (17%) 



202 (75%) 
67 (23%) 

102 (38%) 
167 (62%) 

61 (23%) 
80 (30%) 
128 (48%) 

41 (15%) 
80 (30%) 
89 (33%) 

44 (16%) 

15(5.6%) 

227 (85%) 
40 (15%) 

213 (61%) 
51 (19%) 

105 (4n%) 

105 (40%) 
53 (20%) 

222 (83%) 
44 (17%) 

168 (63%) 
97 (37%) 

210(88%) 
29 (12%) 

61.3x9.1 

167(62%) 
101 (38%) 

238 (89%) 
28 (11%) 



(+) 



448 



180 (40%) 
268 (60%) 

157 (35%) 
291 (05%) 

187 (42%) 
185 (4.1 %j 
75 (17%) 



344 (77%) 
104 (£3%) 

173 (39%) 
275 (61%) 

81 (18%) 
141 (31%) 
227 (51%) 

120(27%) 
141 (31%) 
111 (25%) 
54(12%) 
22 (4.9%) 

421 (94%) 
26 (5,0%) 

370 (84%) 
70 (16%) 

191 (43%) 
186 (42%) 
65 (15%) 

375 (85%) 
65 (15%) 

273 (61%) 
171 (39%) 

324 (80%) 
79(20%) 

61.3^9.7 

265 (60%) 
180 (40%) 

360 (81%) 
85 (19%) 



.0H35 



.17 



.30 



.60 



.85 



.29 



.0022 



<.OO01 



.25 



.17 



.53 



.61 



,015 



.94 
.46 



.0025 
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Table 2. Multivariate Logistic Regression Analysis of the 
Relationship Between p-AKT Expression and Colorectal 
Cancer Stage cas an Outcome Variable)" 



variQDics in tne 


Multivariate 


P 




OR (95% Cf) 




for Disease Static 




IIMV (vs. I-II) as an 






Outcome Variable 






p-AKT expression 


0.63 (0.4S-0.8B) 


.0071 


Other variables 






MSl-hign (va. MSHow/MSS) 


0.28(0.16-0,51) 


<.000t 


High tumor grade 


3.51 (1.82-6.77) 


,0002 


(vs. low tumor grade) 






Age at diagnosis 


0.9fi <CI.95-0.99) 


.0006 


(for a 10-year increase) 






KBAS mutation 


1.60 (1.12-2.29) 


,0090 


Family history of colorectal cancer 


0.62 (0.42-0.93) 


.017 


BRAF mutation 


176 (1.03-3.00) 


.038 


TPS3 expression 


1.66 {1. 01-2.76] 


.048 



"The multivariate logistic rogreaelon analysis Bsaesslng th* relations wilh 
cancer 3tege (aa an outcome variable-} initially Included p-AKT. ac.«. sox. 
family hfstory of colorectal cancer, body mass fndox. tumor taction, tumor 
rjrade, KPtA$, 8RAF. PIK3CA. LINE-1 methyl lion, microanreHlto instability 
(MSI), CpG Island msmyiator phanotype, TP53, ona FASn. A backward 
stepwise elimination with threshold o1 P ~ .30 waa used to ^tact vRrlablfts 
in the final model. Variable* with P < .05 ere listed. 

CI Indicates confidence Interval; M$|, microsatelflte inability: MSS. rnlcro- 
satollfte stable: OR, odds ratio; p-AKT, phosphorylatftd AKT. 



DISCUSSION 

Wc conducted this srtidy to examine the relationship 
between phosphorylarcd AKT (p-AKT) expression and 
patient survival in a targe cohort of stage I-IV colorectal 
cancers, AKT has emerged as a central node in cell signal- 
ing pathways, downstream of growth factors, cytokines, 
and other cellular stimuli.*" 3 AKT is aberrantly activated 
in a wide variety of .human cancers and is increasingly im- 
portant as a promising target for cancer therapy. 4 ' 6 Wc 
have found that p-AKT expression En colorectal cancer is 
associated with early stage and favorable prognosis (Fig. 
3), suggesting that p-AKT may be a biomarker to identify 
patients with superior outcome and a possible therapeutic 
target (analogous to ESRl in breast cancer). 

.Examining tumor factors and clinical outcome is 
important in cancer research. 33 ,y) Studies examining the 
relation between p-AKT expression and prognosis in 
human cancers have yielded variable results. 7 * 12 Previous 
studies on colorectal cancer have suggested no prognostic 
role of p-AKT expression. 1 *"' 8 Notably, in the study with 
over 1000 colorectal cancers 1 1 tumoral p-AKT expres- 
sion was associated with carry lymph node stage, but not 
independendy with patient survival. However, that 
scudy 15 lacked PfK3CA mutation data. A difference in the 
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Figure 2. Kaplan-Meier curves for colorectal cancer-specific 
survh/gl (Top) and for overall survival (80 from) according to 
p-AKT status in colorectal cancer. The bottom table indicates 
the number of patients who were olive end at risk of death at 
each time point after Che diagnosis Of colorectal Cancer, 



prognostic data by that study 13 and our current srtidy 
might be due to a difference in the patient cohorts or the 
methods to assess p-AKT expression, or simply due to a 
chance variation between independent studies. In addi- 
tion, aJI bur one 1 5 of the studies 16 *'* were limited by small 
sample sizes (N < 1 60). Our current study (N — 717) has 
shown that p-AKT expression is associated widi PIK3CA 
mutation as expected from their causal link, and that our 
method and cutoff for p-AKT posirivity arc reasonable for 
evaluating AKT activation levels in paraffin-embedded 
tissues. Furthermore, in contrast ro the prior studies, 15 " 111 
we assessed the prognostic effect of p-AKT expression 
independent of PIK3CA mutation and odier molecular 
events that have been documented to be critical in colo- 
rectal carcinogenesis. 

Considering experimental data suggesting that AKT 
plays critical roles in tumor proliferation., survival, inva- 
sion, and angiogenesis. 10 *' 10 one would expect that p- 
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Figurs 3, Schematic representation of passible relations 

between AKT activation, disease stage, and patient 
prognosis. 



AKT expression would imply poor prognosis. It is very 
common to conceive that the presence of oncogene activa- 
rion (or tumor suppressor mactivation) should imply 
aggressive tumor behavior. However, this preconception 
docs not always hoJd true. Colon cancers develop through 
accumulation of multiple genetic and epigenctic events* 
and each tumor has its own unique combination of mo- 
lecular aberrations. Some rumors activate AKT, while 
Others do not. In order to acquire malignant characteris- 
tics, those AKT-inactive: rumors need to have aberrations 
which can be an alternative to AKT activation: those aber- 
rations may lead to more aggressive behavior than AKT 
activation actually docs (Fig. 3). This is well exemplified 
by the association between estrogen receptor (ESRl, or 
ER-alpha) expression in breast cancer and good prognosis, 
ESRl i$ known to contribute to breast cancer develop- 
ment; yet ESRl expression marks tumors with favorable 
outcome. This h probably because breast cancer with- 
out ESRl expression might have developed through more 
detrimental events than K$R1 expression. Another exam- 
pic is MSI in colorecral cancer. MSI is known to cause 
innervation of a number of tumor suppressors; yet MSI 
marks tumors with good prognosis/ 2 The aforemen- 
tioned preconception that oncogene activation {or tumor 
suppressor inactivarion) should be associated with poor 
outcome can cause serious publication bias, because 
reports consistent with this preconception have been 
regarded favorably during journal's decision process, 
whereas reports inconsistent with the preconception have 
been treated unfavorably. 43 

Another possible explanation for the relationship 
between AKT activation and good prognosis may be due 
to "tumor suppressive" roles of AKT** AKT has blocked 
cancer cell mortality and invasion through the transcrip- 
tion factor NFAT* 9 or down-regulation of RHO activ- 
ity." 



1f * Another study has reported that AKTl activation 
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can promote cumorigenesis but suppresses cumor inva- 
sion/' The inhibitory effect of A KT activation on cancer 
ceil cycle has been reported. 48 In addition, it is passible 
that each AKT isoform may have different functions.* 9,5 " 
Future studies are necessary to confirm our observations 
as well as to elucidate biological mechanisms by which 
AKT activation affects colorectal tumor behavior. 

Interestingly, we found that p-AKT expression was 
independently associated with FASN expression and low 
tumor grade; the latter association is consistent with a pre- 
vious study, 15 Inhibition of FASN has resulted in the 
down-regulation of AKT pathway. 10 The PJ3K/AKT 
pathway activation has modulated the expression and/or 
nuclear maturation of the transcription factor SREBFj, 
stimulating FASN expression. 20 Our finding of the rela- 
tionship between p-AKT and FASN expression may be 
consistent with these experimental data. 

There are limitations in ihis study. For example, 
data on cancer treatment were unavailable. Nonetheless, it 
is unlikely that chemotherapy use substantially differed 
according to AKT status in tumor, since such data were 
unavailable for treatment decision making. In addition, 
our multivariate survival analysis adjusted for disease stage 
as finely as possible (1> IIA, I1B. ft! A, IIIB, NIC, IV. 
unknown) on which treatment decision making was 
mostly based. As another limitation* beyond cause of mor- 
tality, data on cancer recurrences were unavailable in these 
cohort studies. Nonetheless, colorectal ameer-specific sur- 
vival might be a reasonable surrogate of colorectal cancer- 
specific outcome. 

Immunohistochemical evaluation of p-AKT expres- 
sion in cancer tissue has been a challenge, and dicrc is no 
standardized method. PreanalyticaL variables such as tissue 
processing may have considerable impact on antigenicity 
of p-AKT, which may be substantially influenced by a 
slight difference in conditions of immunohistochemical 
procedure. We tried to minimize such an external source 
of noise in a number of ways. We constructed TMAs and 
performed the immunohistochemical procedure in a very 
similar condition for all specimens. The quality of tissue 
sections, which depends on age of tissue and time aftct 
cutting the TMA blocks, should.be considered. In our 
current study, p-AKT expression was not associated with 
age of tissue fie, year of diagnosis), supporting that p- 
AKT antigen might not substantially be deteriorated over 
time, Wich regard to time after block cutting, because we 
cut all TMA blocks into sections around the same time, 
time after block cutting was uniform from case to case. In 
addition, we obtained 4 tissue cores from each case to 
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overcome with in- tumor heterogeneity. Interpretation of 
protein expression took into account background noise if 
any, and wc calibrated against such background noise in 
each case. Furthermore, any prcanaJytical variability was 
largely nondifrcrential (ie, random) in nature, and chits, 
might have conscn'arively biased our results toward the 
null hypothesis. Because of a large sample sifcc, wc were 
still able to detect the biologically reasonable relationship 
between P1K3CA mutation and p-AKT expression as well 
as the relations of p-AKT expression with disease stage 
and prognosis. The cutoff for p-AKT used in this current 
study needs to be validated in an independent data set. 

There are advantages in using the database of the 
two prospective cohort studies, die Nurses' Health Study 
and the Health Professionals Follow-up Study, to examine 
prognostic significance of tumor biomarkcrs. Anthropo- 
metric measurements, family history, cancer staging, and 
other clinical, pathologic, and tumoral molecular daw 
were prospectively collected, blinded to patient outcome. 
Cohort participants who developed cancer were treated at 
hospitals throughout the United States (in 48 states except 
for Nonh Dakota and Alaska), and thus more representa- 
tive colorectal cancers in the general US population than 
patients in one to a few academic hospitals. There were no 
demographic differences between cases with rumor tissue 
analyzed and those without tumor tissue analysed. 22 
Finally, our rich tumor database enabled us to simultane- 
ously assess pathologic and tumoral molecular correlates 
and control for confounding by a number of tu moral mo* 
Jecular alterations. 

In summary, our large cohort study has shown that 
p-AKT expression in colorectal cancer is associated with 
PIK3CA mutation, early disease stage and favorable 
prognosis. The high percentage of p-AKT positive 
patients in this study certainly supports a vital role of 
AKT activation in the pathogenesis of colorectal cancer. 
Our findings suggest a possibility thai AKT activation 
may have a predictive role in a manner analogous to 
ESRt in breast cancer, identifying a subgroup of patients 
with better prognosis and serving as a therapeutic target 
at the same time. 
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Abstract 



^ The precise role of TGF-p signaling in head and neck squamous cell carcinoma (HNSCQ is not yet 

E£ . fully understood. Here we report generation of an inducible head- and neck-specific knockout mouse 

c model by crossing TGF-p receptor I {Tgfbr?) floxed mice with KM-CreER tam mice. By applying 

O . tamoxifen (TM) to oral cavity of the mouse to induce Cre expression, wc were able to conditionally 

•Q* delete Tgfhrl in the mouse head and neck epithelia. Upon tumor induction with 7, 12- 

dimethylbenzanthracene (DMBA), 45% of Tgfbr 1 conditional knockout (cT<0) mice (n=42) 
developed squamous cell carcinomas (SCCs) in the head and neck area starting from 16 weeks after 
treatment. However, no tumors were observed in the control littermates. A molecular analysis 
revealed an enhanced proliferation and loss of apoptosis in the basal layer of the head and neck 
epithelia of Tgfbr / cKO mice 4 weeks after TM and DMB A treatment The most notable finding of 
our study is that the phosphoinositidc 3-kinasc (PI3K)/Akt pathway was activated in SCCs that 
Z: developed in the Tgfbr! cKO mice upon inactivation of TGF-P signaling through Smad2/3 and 

X DMBA treatment. These observations suggest that activation of Smad-indcpcndcnt pathways may 

contribute cooperatively with inactivation of Sm ad -dependent pathways to promote head and neck 
carcinogenesis in these mice. Our results revealed the critical role of the TGF-P signaling pathway 



and its crosstalk with the PT3K/Akt pathway in suppressing head and neck carcinogenesis 
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Introduction 

Head and neck squamous cell carcinoma (HNSCC) is one of the most common types of human 
cancer {(). Tobacco, alcohol consumption and viral agents arc the major risk factors for 
development of HNSCC. These risk factors together with genetic susceptibility result in the 
accumulation of multiple genetic and epigenetic alterations in a multistep process of cancer 
^ development (2). However, the underlying cellular and molecular mechanisms that contribute 

.c to the initiation and progression from normal epithclia to invasive squamous cell carcinoma 

g". have not been clearly delineated (3). 

There is accumulating evidence which suggests thai the TGF-p signal transduction pathway is 
^ involved in head and neck carcinogenesis (4,5). TGF-p is a multifunctional cytokine with 

§5 . diverse biological effects on cellular processes, including cell proliferation, migration, 

differentiation, and apoptosis. The 3 mammalian TGF-p isoforrns, TGF-p lt -p 2 and -p 3 , exert 
.*£;' their functions through a cell surface receptor complex composed of type 1 (TGFBRl ) and type 

II (TGFBR2) serine/threonine kinase receptors. Intracellular signaling is initiated once 
• TGFBRl has been phosphorylated by TGFBR2, which in turn phosphorylatcs Smad2 or 
Smad3. Phosphorylated Smad2 or Smad3 binds to Smad4 3 and then the complexes translocate 
from the cytoplasm into the nucleus, This results in the transcriptional activation of TGF-P- 
responsive genes that mediate the effects of TGF-p at the cellular level. Independent of SMAD 
proteins, receptor activation also induces other downstream targets, including Ras, RhoA, 
TAKl, PI3K, and PP2A, to produce the full spectrum of TGF-p responses (6-8). 



2 

5 



5 The effects of TGF-p signaling in carcinogenesis largely depend on the tissue of origin and the 

tumor type. In most types of human cancer, TGF-p plays a paradoxical role in cancer 

Jo development by acting as a tumor suppressor in early stages (9), and a tumor promoter in later 

2? • stages (10,1 1), In HNSCC, it is known that TGF-p functions as a. potent tumor suppressor 

. -i (12). However, it is not clear whether TGF-p acts in a pro-oncogentc manner in advanced late- 

S. stage HNSCC. The human oral carcinoma cell line, which contained a normal Ras but was 

Di growth -inhibited by TGF-p 1, led to an increase in cell migration and invasion, and metastasis 

§5 ' when transfected with dominant negative TGFBR2 (drt RI1) cDNA (13). When TGF-p receptor 

§. N {Tgfhr2) was conditionally deleted in mouse head and neck epithelia, 25% of the DMBA- 

"S s initiated Tgfbr2~ h mice developed jugular lymph node metastasis, suggesting TGF-p may 

actually in fact suppress metastasis rather than promote it (14). 

The correlation between TGF-p receptor-mediated signaling and cancer development has been 
studied extensively. However, much less attention has been paid to the role of TGFBRl. in 
carcinogeneses when compared to that of TGPBR2. Although several reports have noted that 
^_ mutations and polymorphisms of TGFBRl arc associated with HNSCC (15-17), the precise 

molecular nature of TGFBRl -mediated pro-oncogenic effects is still unknown. In the current 
study, we conditionally deleted Tgfbrl in mouse head and neck epithelia using the Cre-LnxP 
^ approach to show that deletion of Tgfbrl alone is not sufficient for spontaneous tumor 

formation, though it can increase the susceptibility to tumor development initiated by DMBA. 
c£ The most notable finding of our study is that in SCCs that developed in the TgfbrJ cKO mice, 

the P13K/Akt pathway, one of the most important Smad-independent receptor-l signaling 
pathways, was clearly activated in addition to inactivation of the Smad-dcpcndcnt TGF-p 
signaling pathway. Our studies identified the critical role of the TGFBRl -mediated signaling 
■3- pathway and its crosstalk with the PT3K/Akt pathway in suppressing head and neck 

. wi carcinogenesis. The Tgfbrl cKO mouse will be a valuable animal model for studying genetic 

Si alterations and signaling pathways that play important roles in HNSCC. 
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Materials and Methods 

Generation of Tgfbrl cKO mice 

— The Tgfhr! cKO mice (K14-CreEP} am ;Tgfbr0) were generated from crosses between 

Tgfbr0mlce (mixed genetic strains of C57BL/6, 129SV/J and FVB/N) (18,19) and K14- 
^ CreERf m mice (genetic strain CD-I) (20). The Tgfhr] cKO mice and their controls 

> (Tgfbrt-Pf Tgfbrl^, and K14-CreER tam ;Tgfbr./^ mice) were from the same litter and therefore 

S- had exactly the same mixed genetic background. The treatment procedures of Tamoxifen and 

o" DMBA have been described (20,14). Additional details are provided in the Supplementary 

Z Data. 



a: 



Histology, immunostaining, and BrdU labeling 



,o* Immunohistochemical staining (IHC) and quantifications of IHC slides were performed using 

a previously published method (21). I ntratumoral micro vessel density (iMVD) was determined 

''/ as previously described (22). BrdU labeling and primary antibodies are described in the 

Supplementary Data. 

Western blot analysis 

Normal buccal mucosa and tongue from 6 pairs of Tgfhr 0 and TgfbrJ cKO mice, together 
with tumors that developed in DMBA-initiated Tgfbrl cKO mice, were carefully dissected. A 
total amount of 40 jig protein from each sample was denatured and then loaded in each lane 
of NuPAGE 4-1 2% Bis-Tris precast gel. Additional details are provided in Supplementary 
Data. 



> 

£ Additional Methods 

o Information on TUNEL assay, Cre-mediated recombination assessment, quantitative real-time 

jjj. PGR and flow cytometry analysis is detailed in the Supplementary Data, 

c Statistical analysis 

§ * Statistical differences in the levels of mRNA expression between controls and experimental 

% 

Results 



samples were determined using the Student's /-test. 



Inducible deletion of Tgfbrl in head and neck epithelia is not sufficient for SCC formation in 
mice 

We generated an inducible head- and neck-specific knockout mouse model by crossing 
Tgfhrl floxcd mice with K14~CreER tam mice. K14 is expressed in proliferating kcratinocytcs 
£ • of the basal layer of the epidermis. It is also active in stem cells that regenerate the epidermis, 

£ sebaceous glands, hair follicles,, and the oral mucosa. Therefore TM treatment causes 

j» : permanent excision of Tgfbr l in both epithelia and epidermis of the head and neck region 

& including buccal mucosa, tongue and ears. The Tgfhr 1 cKO mice and controls (Tgfbrl-Pf) were 

p dissected 1 0 days after TM treatment. Genomic DN A was extracted from all major organs and 

^ tissues. Oe-mediated recombination of the Tgfhr 0 allele was assessed using a PCR-based 

0) assay. Deletions of Tgfbrl were detected in the buccal mucosa (BM) } tongue (Tg), and ear (Er), 

c but not in the esophagus (Es) ? forestomach (FS), back skin (SK), or any other nonstratified 

£ epithelial organs of Tgfbrl cKO mice (Supplementary Fig. I ). No recombination was detected 

^- prior to TM administration. Tgfbrl mRNA expression was examined by quantitative RT-PCR 

T (qRT-PCR). The expression levels of Tgfhrl mRNA in Tgfbrffl mice were normalized as J .00 

A 0.23 in the buccal mucosa and 1 .00 ±0.08 in the tongue. The mRNA expression levels were 
significantly reduced to a mean of 0.65 ± 0. 1 7 in the buccal mucosa (p<0.0 1 ) and 0.07 ± 0.05 
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in SCC of Tgfbr 1 cKOmicc as well as 0.46 ±0.05 in the tongue 0?<0.001) (Fig. M). Using 
immunostaining, the Tgfbrl protein level was found to be significantly decreased in the tongue 
of Tgfbrl cKO mice, as compared to that of Tgfhr0 mice. A similar decrease was also 
•!£= observed in phosphorylated Smad2, an activated mediator of TGF-(5 signaling (Fig. lfl). 

?■ However, the expression of both Tgfbrl and p-Smad2 in the back skin of the same mice 

^ remained normal (data not shown). This suggests that, upon oral administration of TM, the 

deletion of Tgfbrl and the inactivation of its downstream signaling was localized only in the 
c head and neck epithelia. These results were further confirmed by Western blot (Fig. 1Q, 

° Out of 31 Tgfbrl cKO mice, only 3 (9,7%, 3/31) developed spontaneous tumors including 2 

2 SCCs in the periobital region and one in the upper lateral neck. No significant pathological 

3 changes in the head and neck region were observed in the remaining Tgfbrl cKO mice during 

1 year of observation. Thus, our results indicate that inactivation of TGF-p signaling alone is 

o 
a. 

"t3 . 



ID 



not sufficient to promote tumor formation in head and neck epithelia of these mice. 



Deletion of Tgfbrl in the head and neck epithelia together with DMBA initiation induced SCCs 
in mice 

" 'i . Because spontaneous tumor formation in Tgfbrl cKO mice was rare, we induced tumors in 

Tgfbrl cKO mice by applying a single dose (50 u.g per mouse) of DMBA to the mouse oral 
cavity 10 days after the last TM treatment. DMBA is a commonly used chemical carcinogen, 

^ which can induce H-ras mutations in sporadic cells (24). After tumor initiation with DMBA, 

Tgfbrl cKO mice started to develop SCCs in the head and neck area as early as 16 weeks, and 

.Jq. by 1 year after treatment, 19 out of 42 (45%) TgfbrJ cKO mice had developed SCCs (Fig. 

>' 2S-2£). The sites of tumors that developed in DMBA-treated Tgfbrl cKO mice included the 

: !J> : oral cavity, periorbital region, muj^le area, and skin around the head and neck area (Fig. 2A). 

16% (3/19) of mice with tumors had developed metastases in the jugular lymph nodes and/or 

:o lungs by the time the mice were dissected (10-12 months after TM and DMBA treatment) (Fig. 

jg' 2F, 20). "No tumors developed in the heterozygous mice (KH-Cre£R wm ;TgfbrlP*> n = 27) or 

the Tgfbrl floxed homozygous (Tgfhr0 y n=34) control littcrmatcs (also treated with TM and 

•c DMBA) during the same time period (Fig. 2H). However, only partial excision of Tgfbrl in 

o mouse head and neck epithelia were noted by fHC and Western blot, due to relatively low 

-5' efficiency of the tamoxi fen-induced K14-CreER iam mouse line being used in this study (20) 

~ (Fig, 15, I Q. 

Enhanced cell proliferation, inhibition of apoptosis, and down-regulation of cell cycle 
Inhibitors In the head and neck epithelia of Tgfbrl cKO mice 

TGF-p has effects on both cell growth and apoptosis. Four weeks after DMBA treatment, an 
increased expression of a proliferative marker Ki67 was detected in the basal I ayer of the tongue 
? of Tgfbrl cKO mice but not in Tgfbrl^f mice. A decreased apoptosis was also observed, 

tF? indicating that the imbalance between cell proliferation and apoptosis occurs early in the head 

and neck epithelia of TgfbrJ cKO mice (Fig. 3/1). Using BrdU assays, we found a significantly 
increased number of proliferative cells in Tgfbrl cKO mice head and neck epithelia and SCCs 
£ when compared to those of Tgfbr0 mice (Fig. 3£, 3D). However, we did not observe any 

"g" apoptotic cells in SCCs by TUNEL assays (data not shown). Immunostaining revealed that 

CDKN1 A expression was reduced in tongue and SCCs of Tgfbrl cKO mice compared to that 
in Tgfbr0 mice. Tn contrast, c-Myc was overexpressed in tongue of Tgflirl cKO mice and its 
expression was even more remarkable in SCCs (Fig. 3#, 3D), These results were further 
c| confirmed by Western blot analysis (Fig 3C). Our results indicate the existence of an imbalance 

~ between cell proliferation, differentiation, and apoptosis in SCCs that developed in Tgfbrl 

cKO mice, as well as in normal Tgfbrl cKO mice head and neck epithelia. 
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Enhanced paracrine effect of T(3F-p on tumor stroma of Tgfbrt cKO mice 

Increased inflammation and angiogenesis have been found in human HNSCCs (25). Deletion 
2 of Tgfbr2 in mouse head and neck epithelia resulted in enhanced paracrine effect of TGF-p on 

^ tumor stroma (14), To investigate the paracrine effect of TGF-0 in tumor progression in the 

DMBA-treated Tgfbr} cKO mice, we analyzed the expression level of Cyclooxygenase-2 

> (Cox-2) (26), Endoglin (CD1 05) (27), and a-Smooth Muscle Actin (SMA) in tumor stroma 

> (25,29). We found that Cox-2 expression was absent in normal buccal mucosa and tongue of 
~ TgfbrjW mice, as well as in Tgfbr J cKO mice, but its expression was significantly increased 
o in SCCs, suggesting increased inflammation in tumors (Fig. 4A> 45). Increased angiogenesis 
g indicated by Endoglin (CDl05)-stained microvessels in the stroma surrounding SCCs were 
.w also observed (Fig. AA, 45). Using immuno flu orescent staining, we found that a-SMA, a 

:c. • hallmark of the rnyofibroblastic phenotype, strongly expressed in the stroma surrounding 

q SCCs, but was not detected in the tongues of Tgfbr 0 mice (Fig. AA), To determine whether 

these enhanced paracrine effects correlate with endogenous TGF-P 1 levels in the area 
surrounding the SCCs, wc examined Tgfbl mRN A expression by qRT-PCR. In comparison to 
, . tissues from Tgfbr 0 mice, the levels of Tgfbl mRNA expression were increased 2.42 ± 0.3 1 

fold and 27.0S ± 4,42 fold (p<0.0\) in DMBA-treated Tgfbr I cKO mice tongues and SCCs, 
respectively (Fig. AD). Immunofluorescent staining indicated significantly increased 
expression of Tgfbl located only in the tumor stroma (Fig. AC). 

' *2 : Evasion of the immune response is one of the most important features of TGF-fJ-mediated 

'5 tumor progression (30,3 1). We analyzed the immune status of the Tgfbrl cKO mice using flow 

cytometry analysis. Compared with their control littcrmates, Tgfbrl cKO mice showed. 

> significantly reduced numbers of both CD4 + and CD8 + effector T eel Is in jugular lymph nodes. 

> In contrast, the regulatory T cells (CD4 + CD25 + Foxp3 + ) were increased, indicating active 

g: immune suppression in Tgfbr] cKO mice. Gross changes in inflammation within tumors were 

: O noted by H&E staining (Supplementary Fig, 2/f , 28). 

2> Activation of P13K/Akt signaling in SCCs of Tgfbrl cKO mice 

§5 The PI3K/Akt pathway is important in suppressing apoptosis and in promoting cell growth and 

: §. proliferation. Hyperactivation of PI3K/Akt in HNSCC is induced either by mutations or by 

"S- enhanced activity of its upstream activators, including the Ros oncogene or in activation of 

PTEN (phosphatase and tensin homolog deleted on chromosome 10) (32), PTEN is a potent 
tumor suppressor gene and a negative regulator of the PI3K/Akt pathway. Mutations of 
PTEN have been found in a wide range of human cancers (33). In our study, a significantly 
increased level of unphosphorylatcd PTEN, an active form of the protein, was detected in all 
of the tumors that developed in the DMBA -treated Tgfbrl cKO mice (Fig. 55). However, 
despite the elevated PTEN levels, wc observed consistently increased levels of the 
phosphorylatcd form of Akt (p- Akt) and its downstream target, the mammalian target of 
rapamycin (mTOR), in all of the tumors analyzed both by immunostaining and Western blot 
J (Fig. 5/4, 55). These results indicate that in spite of the increased expression of PTEN, the 

P13K/Akt pathway was activated in the SCCs that developed in the DMBA-treated Tgfbr J cKO 
£ mice. Our results suggest that Akt activation in the SCCs is independent of effects on PTEN 

§^ in this mouse model, and that other mechanisms are involved in the activation of this pathway. 

.. One of these might be the H-ras mutations caused by DMBA initiation. Indeed, H-rcts 

^ mutations were detected in 9 out of 17 tumors (53%) nt eodon 61 in exon 2 of the gene. No /C« 

■2. ras mutations were found in any of these tumors (data not shown). However, the mechanisms 

<a underlying the activation of the PI3K/Akt pathway upon TfiRf deletion warrant further 

2. investigation. A proposed TGF-p signaling alteration that promotes HNSCC in mice through 

r*' activation of P13K/Akt pathway is shown in Fig. 6. 
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Discussion 

TGF-P is a potent growth inhibitor for epithelial cells (34). Inactivating mutations or 
2 experimental deletion of components of the TGF-P pathway have been shown to promote 

^ rumorigencsis tn a variety of organ systems (35,36). However, the precise role of TGF'p 

5 signaling in head and neck carcinogenesis has not been fully understood. As with other organ 

systems, existing research has been mainly focused on TGFBR2. Inactivation of Tgfbr2 by 



> 



C overexpressirm of dominant negative receptor constructs or by targeted deletion promotes 

g" tumorigenesis in the mammary gland, prostate, pancreas, anogenital region, as well as in the 

*r* head and neck area (37-40, 1 4). With one exception (40), inactivation of Tgfbr2 does not result 

S in tumor formation unless cooperating oncogenic lesions are present, suggesting that loss of 

^ . TGF-P response plays a tumor promoting rather than initiating role (14,41). Interestingly, mice 

g£ that harbored an inactivated Tgfbr2 in stromal cells developed intraepithelial neoplasia of the 

prostate and invasive SCCs in the forestomach. This suggests that alterations in the TGF-p 
signaling pathway within cells of the tumor microenvironment can also contribute to cancer 
development and progression (38). Even in cases where the TGF-p pathway is compromised 
specifically in the epithelium, the effects of this perturbation appear to extend to the stroma. 
Thus mice with inactivated Tgfbr2 in the mammary epithelium show increased recruitment of 
F4/80 + cells, increased expression of pro-inflammatory genes, and altered composition of the 
ftbrovascular stroma- all effects that may promote further tumor progression (42). It is clear 
that perturbations in TGF-p signaling can have far reaching effects throughout the ecosystem 
of the tumor. 



o 



I 

^■j It is important to note that TGFBR2 not only interacts with TGFBR 1 , but also forms functional 

^ complexes with othertype I receptors such as ActRl/ALKI, ALK3 or ALK1 (43,44), Signaling 

c. through TGFBR2/Alkl complexes activates Smadl, Smad3, and SmadS, whereas signaling 

through the TGFBR2/TGFBR1 complex results in phosphorylation of Smad2 and Smad3. In 
fact, TGF-p signaling through TGFBR 1 and AUC 1 9 in a complex with TGFBR2, showed 
^ opposing activities in endothelial cell migration and proliferation (45). Importantly, in 

g; epithelial cells TGFBR2 can also directly phosphorylatc Par6 without involvement of 

v> TGFBR I , and release Par6 from the Par6-TGFBR I complex. This allows Par6 to trigger the 

dissolution of tight junctions in the context of epithelial-mesenchymal transitions (46). 
Therefore, knocking out Tgfbr2 affects not only Smad-mediated TGF-3 signaling, but also 
direct receptor-U-mediated alternative signaling via Par6. Thus knocking out TGFBRl or 
TGFBR2 individually could affect downstream signaling differently, leading to distinct 
biological outcomes. 

TGFBRl forms heterotetramcric complexes with TGFBR2 on the cell surface and is critical 
for the downstream phosphorylation and activation of the Smads. Mutations and 
S polymorphisms of TGFBRl have been described: TGFBR! (6A), a 9 bp deletion coding for 3 

. ? alanine residues within the 9 alanine repeat region of exon 1, has been particularly associated 

; ^ with HNSCC (15-17). In an earlier study, we showed that 35% of mice with a targeted deletion 

^ of TgfbrI developed spontaneous SCCs in periorbital and/or perianal regions (19). To 

£, specifically study the role of TgfbrI -mediated signaling in the progression of HNSCCs, we 

£ developed a novel inducible knockout mouse model by deleting TgfbrI in head and neck 

■jj cpithelia. 

3 Most of our findings on the TgfbrI cKO mouse model are consistent with the findings from 

55 ft DMBA-initiated Tgfhr2 cKO mice (14), suggesting that TgfbrI functions similarly to Tgfbr2 

§, ■ in the progression of HNSCCs. The lack of spontaneous tumor formation in TgfbrI cKO m ice, 

together with the fact that DMBA treatment facilitates tumor development in these mice, 
suggests that rather than initiation, loss of TgfbrI may play a more crucial role in tumor 
progression in mouse HNSCC. This is also the case for other cpithelia, with the sole exception 
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oftheanogenital region (40). However, several differences have also been noted in our DMBA- 
initiated Tgfbrl cKO mice compared with DMBA-initiated Tgfbr2 cKOmice. For example, 
none of our DMBA-initiated Tgfbrl heterozygous mice (K14-Cre E& atf >; Tgfbrl?*) developed 
HTMSCCs, while about 33% of mice with a heterozygous Tgfbr2 deletion (K5- 
CrePR};Tgfhr2f*) in the head and neck epithelia developed HNSCCs after DMBA initiation. 
Therefore turner suppressor activities o f TGF-p require a higher threshold level of Tgfbr2 than 
^ of Tgfbrl . Furthermore, only 1 6% of our DMBA-initiated Tgfbrl cKO mice with tumors 

developed metastases in jugular lymph nodes and/or lungs by the time the mice were dissected, 
'g However, up to 35% of the DMBA-initiated Tgfbr2 cKO mice developed jugular lymph node 

' metastases by 20-39 wks of age. While this difference between the two mou.se models may be 

^ attributable to differences in mouse genetic background and/or the Cre mouse line being used 

=2 . in the studies, it may also indicate that Tgfbrl and Tgfbr2 function differently. For example, 

c£ Tgfbr2 may have more suppressive effects in later stages of cancer development, possibly due 

^ai : to TGFBR I ■ independent effects. 

It is widely believed that TGF-p can affect cancer progression through both autocrine and 
paracrine effects. Paracrine effects of TGF-ft which are generally tumor promoting, include 
stimulation of inflammation and angiogencsis, escape from immunosurvei Nance, and 
/V. recruitment of myofibroblasts. Autocrine effects of TGF-p in premalignant epithelial cells are 

>i tumor suppressive, while more advanced cancer cells with a functional TGF-p receptor 

complex may exhibit tumor-promoting autocrine effects, due to a convergence of TGF-p 
= signaling with other signaling pathways (47). In the current study, we saw evidence for both 

]F.. types of effect. We found that upon deletion of Tgfbr / in mouse head and neck epithclia, there 

£ is an enhanced cell proliferation and down-regulation of cell cycle inhibitors, due to 

^ inactivation of Smad2/3 mediated signaling. An inhibition of apoptosis through activation of 

£ the PT3K/Akt pathway in SCCs that developed in Tgfbrl cKO mice was also observed. These 

results suggest that in the head and neck epithclia, TGF-p is an early tumor suppressor. In the 
S' SCCs that developed in Tgfbrl cKO mice, we found increased inflammation, angiogencsis, 

and myofibroblast formation. Sim liar results have been observed in other mouse models when 
TGF-p signaling was disrupted (14,48): Furthermore, elevated levels of endogenous TGF-01 
g were detected in tumor stroma of Tgfbrl cKO mice, as they have been in other studies (14). 

J2- Therefore, on one hand, the deletion of Tgfbrl in mouse head and neck epithelia prevents the 

; t : surrounding increased TGF-p I from exerting its tumor suppressive effects. On the other hand, 

the expression ofTgfbrl in tumorstroma would certainly enhance its turn or promoting function 
through paracrine effects. Consequently, we believe that the elevated level of TGF-p I in tumor 
Stroma has direct involvement in the creation of microenvironment for tumor progression (4). 

Alternative modes of TGF-p signaling have been categorized (8). Recent work showed that 
- TGF-P induces apoptosis through repression of PT3K/Akt signaling, indicating that there may 

:~ be negative crosstalk between the TGF-p tumor suppressor and PI3K/Alct pathways (49), The 

; 1 L-- most notable finding of our current study is that in addition to inactivation of the Smad- 

; j> : dependent TGF-P signaling pathway and in spite of increased PTEN levels after deletion of 

> Tgfbrl in mouse head and neck epithelia and DMBA treatment, the PI3K7Akt pathway is 

5. activated in all SCCs that developed in the Tgfbrl cKO mice. The results from our study 

O' indicate that decreased Tgfbrl expression in Tgfbrl cKO mice leads to increased cell 

proliferation and cell survival through PTEN independent activation of PI3K/Akt pathway. 



2 

0> This is possibly due to DMBA induced H-ras mutation as well as other unknown mechanisms. 

These changes accompanied by increased TGF-pi in tumor stroma, which leads to increased 
invasion, angiogencsis, inflammation and immune suppression through paracrine effect of 

jgr TGF-P, switch TGF-P signaling from tumor suppression in normal cells to tumor promotion 

?\ in head and neck carcinogenesis of Tgfbrl cKO mice. 
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Iti summary, we generated an inducible conditional gene targeting mouse mode! for head and 
neck cancer research. We have demonstrated that targeted deletion of Tgfbrl in the head and 
neck epithclia is apparently not sufficient for spontaneous tumor formation, but could increase 
susceptibility to tumor development initiated by DMBA. TGF-0 is a major tumor suppressor, 
and inactivation of TGF-p signaling, in the context of ran mutations and aberrant activation of 
j| the PDK/Akt pathway, may contribute cooperatively to the promotion of head and neck 

^ carcinogenesis in these mice. Our results underscore a critical role of the TGF-P signaling 

c pathway and its crosstalk with the P13K/Akt pathway in suppressing head and neck 

g carcinogenesis. These findings have significant implications for the development of effective 

^ therapeutic strategies targeting both the TGF-P and the PI3K/Akt pathways for the treatment 

|* ofHNSCCs, 

3 
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Figure 1. 

Decreased TGF-f* signaling in Tgfbrf cKO mice. .4. Tgfbrl mRNA significantly reduced in 
the head and neck epithelia and SCCs of Tgfbrl cKO mice by qRT-PCR f>-3)> *• ^<0.01 ; 
***, PO.OOL 5, Tgfbrl and p-Smad2 expression were reduced in the tongue and SCC of 
Tgfbrl cKO mice by IHC. The dotted lines delineate the adjacent epithelial compartment. The 
changes in staining patterns are seen in the epithelium (above the dotted line) in which 
Tgfbrl was knocked out. Bar, SOujti, C, Western blot analysis demonstrates that Tgfbrl and 
p-Smad2 were reduced in buccal mucosa, tongue and SCCs of Tgfbrl cKO mice compared to 
that of Tgfbr0m\zt. 
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Figure 2. 

DMBA-initiated ^g/^r/ cKO mice develop HNSCCs./4, Tumor developed in the oral cavity 
of Tgfbr! cKO mice. Pathological sections of oral squamous cell carcinoma (#) and infiltrating 
squamous cell carcinoma (/?); (F) Low magnification of the heart (thick black arrow) and lung 
block. Examples of intrapulmonary metastases are indicated by black arrows; extrapulmonary 
(lymph nodes) with a white arrow, and non -compromised lung parenchyma by a block white 
arrow. Inset: the metastasis (black block arrow) is surrounded by compressed lung parenchyma 
(white block arrow), The arrow indicates a bronchus. The insets in (Q, (E) and (G) depict fine 
details of the malignant cells (magnifications, 20* and 200* for main figure and inset, 
respectively). H t DMBA-trcatcd Tgfbr J CKO mice develop SCCs more frequently than 
Tgfbr J cKO mice. No tumors were observed in Kl 4-CreER tam Tgfbr or Tgfbr '0 control 
littermates during 1 year of observation after TM and DMBA treatment. 
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Figure 3. 

Enhanced growth-promotion and down-regulation of cell cycle inhibitors in Tgfbrl cKOmicc. 
A t Increased expression of Ki67 and loss of apoptosis in the basal layer of tongue of the 
Tgfbrl cKO mice 4 weeks after TM and DMBA treatment. B, A signi ficantly increased number 
of proliferative cells in tongue and SCCs of Tgfbrl cKO mice by BrdU assays. CDKNIA 
expression was reduced in tongue and SCCs of Tgfbrl cKO mice compared to that in 
Tgfbr0 mice. In contrast, c-Myc was overexpressed in tongue of Tgfbrl cKO mice and its 
expression was even more remarkable in SCCs. The results were further confirmed by Western 
blot (Q. D, Percentage of positive cells in tongue or SCCs of 'Tgfbrl cKO mice compared with 
that of Tgfbrlffl mice. Columns, average of three to five immunostained sections; the dotted 
lines delineate the adjacent epithelial compartment. Bar, 50 urn. **, /><0.0l; F<0.00t. 
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Figure 4. 

A, Enhanced paracrine effects of TGF-0 in Tgfbrl cKO mice. A, Significantly increased 
expression of Cox-2 in SCCs as well as ovcrcxprcssion of Endoglin (CD 1 05), ct-SMA in the 
stroma surrounding SCCs of Tgfbrl cKO mice (magnifications, 200*). No expression was 
detected in normal tongue of Tgfbrl^f or Tgfbrl cKO mice. The dotted lines delineate the 
adjacent epithelial compartment. Bar, SO urn, B, Percentage of Cox-2 positive cells and 
intratumoral microvcsscl density (iMVD) indicated by Endoglin (CDI05>stained 
microvcsscls per 200 * field in tumor stroma of Tgfbrl cKO mice. Columns, five 
immunostained sections. **, PO.01 ; ***, PO.OGl. C, Tgfbl expression in the tumor stroma 
by immunofluorescent staining (magnifications, 200*). D, Tgfbl mRNA expression by qRT- 
PCR. 
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Figure 5. 

Activation of the PI3K/Akt pathway in Tgfbrl cKO mice. A, Immunostaining revealed a 
significantly increased number of positive cells of p-Akt, p-mTOR in the SCCs that developed 
in tgfbrl cKO mice. The dotted lines delineate the adjacent epithelial compartment Bar, 50 
^im. B. A significantly increased level of unphosphorylated PTEN, an active form of the protein, 
was detected in all SCCs that developed in the DMBA-treated Tgfbrl cKO mice. However, 
comparable elevated levels of the phosphorylated form of Akt (p-Akt) were also observed in 
SCCs by Western blot analysis. 
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Figure 6. 

A schematic presentation of the proposed TGF-p signaling alteration that promotes HMSCC 
in mice. In normal cells, TGF-p inhibits cell proliferation through the Smad-dependent 
pathway. It also induces apoptosis by repressing the PI3K/Akt pathway results in tumor 
suppression. Decreased Tgfbrl expression in Tgfbrl cKO mice leads to increased cell 
proliferation andcell survival through PTEN independent activation of the PI3K/Akt pathway. 
DMBA treatment, which causes H-ras mutation as well as other mechanists may also play 
an important role in Akt activation. Decreased TGFBRl can also increase TGF-pl in tumor 
stroma by as yet unidentified mechanisms, which leads to increased invasion, angiogenesis, 
and inflammation, as well as immune suppression through the paracrine effect of TGF-0. In 
summary, inactivation of TGF-P signaling, in the context of ra* mutations and aberrant 
activation of the PI3K/Akt pathway and accompanied by increased paracrine effect of TGF- 
p, switches TGF-P signaling from tumor suppression in normal cells to tumor promotion in 
head and neck carcinogenesis of Tgfbrl cKO mice. 
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Dysregulated PI3K/Akt/PTEN pathway is a marker of a short 
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pn^Aia^TPM d Summary The phosphoinositidc 3-kinasc/Akt pathway is involved in the pathogenesis of several lwman 

PI3K/Akt/rrhN pathway, cancers, Tn this Study, the biologies! ami prognostic value of phosphoinositidc 3-kinase/Akt pathway 

^umor progression. dysrcgulation was assessed by nnrnunohistQchemistry in a well-characterized series of 72 patients with 

cu e-ncga vc breast node-negative breast cancer with a long-term follow-up. Phosphorylaied Akt and FTEN expression was 

carcinoma; reduced in 32% and 12.5% of the tumors, respectively. Phosphorylatcd Akt or PTEN status whs not 

rognosis associated with the main, dinicopathologic and biological parameters* whereas their expression whs 

tightly related to their downstream targets cyclin DI and p27 Klpl which are involved in cell 
proliferation. Survival analysis showed a strong association between a shorter clisense-frce survival and 
the dysregulated expression of phosphorylotcd Akt {P a .03 A), PTEN (P~ .003). p27 Kl ^ (P « .00N), and 
K.i67 (P = .0007). or the distinct subtypes of breast tumors (luminal, RER2 ovcrcxprcssing, and basal- 
like; P = ,03). Moreover, multivariate analysis using the Co* proportional-hazards regression model 
showed Lhat PTBN and Ki<57 were independent predictive faciors oT disease recurrence and that their 
simultaneous dysregulation strongly increased the hazards ratio of the patients with node-negative breast 
cancer (hazards ratio, 3SJ0: P- .0014). In conclusion, our results show that the dysregulation of the 
phosphoinositide 3-kinase/Akt/PTEN pathway is relevant to the prognosis in node-negative breast 
carcinoma and that the evaluation of key components of this pathway might be a useful tool to identify 
the patients with node-negative breast cancer at high-risk of disease recurrence. 
€> 2009 F.lscvier Inc. AH rights reserved. 



Abbreviations: CI, confidence interval: CK, cytokeratin; DPS, 
disease- free survival; ER. estrogen receptor; HR, hazards ratio; 
pAkt. phosphoryJatcd Akt; P13K. phosphoinositidc 3-kmase: PIP^.. 
pho Sphati dyl inositol -3 ,4-bis phosphate; PfP ? . phosphatidylinosilol- 
3A5-tri.sphosphorc: PTEN. phosphatase tensin homologue deleted 
on chromosome 10. 
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1. Introduction 

Patients with node-negative breast cancer have an 
excellent prognosis despite a 10-year recurrence rate of 
30%. Several prognostic and/or predictive factors have been 
proposed to identify the patients at high risk of disease 
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recurrence. However, they do not accurately prcdici the 
clinical outcome of patients with node-negative breast cancer 
and the research of reliable prognostic markers remains the 
main purpose in many studies. 

The deregulation of thephosphoinositide 3-ktnase (PI3KV 
Akt pathway has been recently found to be involved in the 
pathogenesis of several human cancers., such as breast, colon, 
ovarian, pancreas, and prostate cancer [1-31. The PJ3K/Akt 
pathway regulates essential cell functions, such as cell 
proliferation, cell growth, apoptosis, metabolism, transcrip- 
tion, protein synthesis, angiogencsis, and tissue invasion [4,5]. 

The activation of PI3K. by receptors with protein tyrosine 
kinase activity or coupled with G proteins leads to the 
phosphorylation of cell membrane phosphatidylinositol at the 
D3 position of the inositol ring, thereby generating 
phosphaJidylinositol-3.4-bisphosphate (PIP^) and phosphati- 
dyl inositol -3 AS-trisphospluitc fPIPj). PTP?. and PIP 3 act as a 
docking site and bind to the pleckstrin homology domain of 
the serine/threonine kinase Akt, leading to its recruitment to 
the inner plasma membrane, P1P 2 and PP? 3 binding causes a 
conformational change in Akt that results in the exposure of 2 
conserved threonine and serine residues lying within the 
kinase and regulatory domain, respectively, and in subse- 
quent kinase activation [4.5]. Akt plays a key role in a variety 
of cell processes that are relevant to cancer cells, affecting cell 
survival, proliferation, ceil growth, and invasion, through die 
phosphorylation of several downstream substrates [J -5]. 

The major antagonist of the Akt kinase is the dual- 
specificity protein and lipid phosphatase PTEN (phospha- 
tase tensin homologuc deleted on chromosome 10) that 
counteracts the P 13 K -dependent Akt activation by depho- 
sphorylating the D3 position of PIP 2 and PIP 3 [6], Several 
studies have shown that PTEN plays an important role in 
the regulation of apoptosis and cell cycle through its lipid 
and protein phosphatase activity, respectively [7-9J, PTEN 
affects apoptosis through the inhibition of Akt phosphor- 
ylation and die opregulation of the cycl in-dependent kinase 
inhibitor p27 Kipl via its lipid phosphatase activity [7-10], 
and cell cycle through the downregularion of the mitogen- 
activated protein kinase pathway and cycKft Dl protein 
level and nuclear localization via its protein phosphatase 
activity [7-11]. 

PTEN expression is lost by mutation, deletion, or 
promoter methyl ation at high frequency in many primary 
and metastatic human cancers [12-14]. The observation that 
/TEjVgene alterations occur in the advanced stages of a large 
number of tumors and the involvement of PTEN in cell 
migration and focal adhesion formation in tumor cells 
suggest that loss of PTEN activity might have an important 
role in tumor invasion and metastatic progression [12-15]. 

Rased on the key role of the POK/Akt/PTEN pathway 
in cancer pathogenesis and progression, wc investigated the 
potential prognostic value of this pathway in patients with 
node-negative breast cancer to identify the patients at high 
risk of disease recurrence. To this purpose, we analyzed the 
expression of phosphorylatcd Akt (pAkt) and PTEN in 
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relation to the tumor features, some proteins of the PI3K/ 
Akt/PTEN pathway involved in cell proliferation, and 
patients' survival. 

2. Materials and methods 

2.1. Patient characteristics and tissue samples 

Seventy-two consecutive node-negative breast carcino- 
mas from patients with primary diagnosis of breast cancer 
were collected at the Santa Chiara University Hospital of 
Pisa (Italy) between 1988 and 1998, The node-negative 
status was defined according to the TNM system after 
axillary node dissection or sentinel lytnphadcnectomy for 10 
of the 72 patients. 

Patients who had undergone quadrantcctomy received 
complementary radiotherapy. According to individual risk 
factors, the patients received chemotherapy and/or humuv 
nat therapy. The chemotherapy treatment was an associa- 
tion of cyclophosphamide, methotrexate, and 5-fluorouracil 
or an anthracycline-containing regimen, whereas the 
hormonal treatment mainly consisted of tamoxifen. The 
relapsed and not-relapsed groups included a similar 
percentage of patients who received chemotherapy, hormo- 
nal therapy, or no therapy. 

Histologic type, tumor size, and tumor grade according 
to the Bloom and Richardson method were evaluated 
(Table 1 ). The median age of the patients at diagnosis was 
55 years (range, 34-82 years). The median follow-up was 
10 years and 23 (32%) of the 72 patients relapsed within 5 
years from diagnosis. 

The selection of the patients did not require approval by 
the institutional ethics committee because samples were 
coded and the names of the patients were not revealed. 
Survival data were obtained from the medical records or 
from the local registry office. 

2.2* Immunohfstochemistry 

PTEN. pAkt, estrogen receptor (ER).. Ki67, HER2, 
cytokemtin 5/6 (CK 5/6), cyclin Dl, and p27 Ki ^ expression 
was evaluated by inrununohistocbemistry. Tumor sections 
(3 /im) from formalin-fixed and paraffin-embedded tissues 
were itnmunostamcd using monoclonal antibodies against 
human PTEN (clone A2B ) ; Santa Cruz Biotech, Santa Cruz, 
CA), phospho-Akt (Scr473) (clone 587F11; Cell Signalling, 
Danvers, MA), ER (clone 6F11; Vcntana Medical Systems, 
Tucson, AZ), Ki67 (clone MTBI; Immunotech, Marseille, 
France), HER2 (clone 4B5, Ventana Medical Systems), CK 5/ 
6 (clone D5/16B4, Vcman3 Medical Systems), cyclin Dl 
(clone OCS-6; Novocastra, Florence, Italy), and p27 Ki P 1 
(clone 57; BD Transduction Lab, San Diego. CA). Anti- 
PTEN, pAkt, p27 K *', cyclin DL and KJ67 antibodies were 
diluted 1:100, whereas ER, KIER2, and CK 5/6 antibodies 
were applied without dilution. 
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Table 1 PTEN and pAkt expression in relation to the clinicopathologic fcaturey and biological markers in 72 consecutive patients with 
nodc-neearive breast cancer 

Parameter PTEN" PTEN* P vhIuc 0 pAkt" pAkt'' Rvalue 0 

pAkt status h 



pAkt"'" 


23 (36) 


40 (64) 


.07 








pAkt" 


0 (0) 


9 (100) 










A ere 














£50 v 




1 8 (69) 


.80 


2 (8) 


24 (92) 


.57 


>50y 




31 (67) 

\ , " r ' f 




7 (15) 


39 (85) 




Tumor size 














pT 1 £ 2 ctn 


14 GO) 


33 (70} 


.56 


5(11) 


42 (89) 


.73 


nT^ *> 1 cm 




] 6 (64) 




4 

-f \ i v; 


21 (84) 




















21 (30) 


48 (70) 


A9 


9 (13) 


60 (87) 


.82 


Lobular 


2 (67") 


1 (33) 




0(0) 


3 (100) 




Tumor grade 














J 


3 H7) 


5 (6^ 


.98 




7 (8ftt 


.14 


n 


11 (28) 


28 (72) 






36 (92) 




m 


7(32) 


15(68) 




5(23) 


17(77) 




ER status b 














HR' r 


15 03) 


30 (67) 


.R7 


6(13) 


39 (87) 


.90 


ER" 


» (30) 


19(70) 




3 01) 


24 (89) 




Ki67 status b 














Kir,7 + 


12 (32) 


25 (68) 


.81 


4(H) 


33 (89) 


.60 


Ki67~ 


11(31) 


24 (69) 




5 (14) 


30 (86) 




Molecular classification 














Luminal 


15(33) 


30 (67) 


.37 


6(13) 


39 (87) 


.97 


HER2 avcrcxprcssing 


t (10) 


9(90) 




t (10) 


9 (90) 




Basal-like 


7(41) 


10(59) 




2(12) 


T5 (88) 




Disease recurrence 














No evidence of disease 


10 (20) 


39 (80) 


.005 


9(18) 


40 (82) 


.07 


Relapse 


13(56) 


10(44) 




0(0) 


23 (100) 





NOTE. Values arc shown as n (%). 

* P vatuc assessed usimj y} test. Significant P values are in italics. 
h Cut-clT£I0% positive cells or nuclei, 



Briefly, dcparafrlnized sections were rehydrated through a 
graded scries of alcohols and endogenous peroxidase activity 
was blocked with 1% H^0 2 in methanol. Antigen retrieval 
was performed by microwave irradiation at 750 W for 15 
minutes in 10 romol/L sodium citrate buffer (pi I 6.0). The 
iminunoperoxidase (avidin-biorin-peroxidase complex) tech- 
nique was applied using an automatic irnnmnostaining 
device (Vcrnarw Medicnl Systems). Negative controls were 
obtained omitting the primary antibodies. Normal glandular 
epithelium and vascular endothelial cells were used as 
internal positive controls for PTEN and pAkt [16], whereas 
for the other analyzed markers specimens with known 
positive imrrrunosraining were used as positive controls 
according to the manufacturers* instructions. 

All slides were evaluated independently by 2 investigators 
and discrepant results were reviewed jointly. 

PTEN and pAkt status was determined according to rhc 
widely reported immune-scoring criteria based on a propor- 
tional and an intensity score. Tumors were regarded as PTEN 
positive (PTEN*) and pAkt. positive (pAkt 1 *) when an equal 
or increased staining intensity compared to the correspond- 



ing normal tissue was observed in more than 10% of the 
tumor cells at cytoplasmic and/or nuclear level [16-191. 

On the basis o f the median values observed for ER, cyclin 
Dl, p27 Ki P", and Ki67 in our series of tumors, the value of 
10% positively stained tumor nuclei was used as the cut-off 
to identity ER-positivc (ER + ). cyclin Dl-positivc (cyclin 
Dl*), p27 fC| 0 | -positivc (p27 Ki '> 1 *), and Ki67-postlive 
(K.i67*) tumors. 

As to the HER2 and CK 5/6 expression, tumors were 
classified as HER2 positive (HER2* h ) when an intense and 
complete cell membrane staining was observed in 30% or 
more of the tumor cells, whereas they were scored as CK 
5/6 positive (CK 5/6 + ) if any cytoplasmic tumor cell 
staining was observed as has been previously reported by 
NicJscn ct al [20). 

The different subtypes of breast carcinoma were identified 
on the basis of the immunohistochernical expression profiles 
of the ER, HER2, and CK 5/6 markers. Tumors were 
Classified as luminal HER2 overexpressing, and basal-like if 
they were ER 1 , ER""7HER2" . and ER~/HER2-/CK 5/6', 
respectively [20-23], 
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The association between the biological parameters was 
performed using the analysis of variance test. The con- 
tingency tables and /} test were used for categorical data 
analysis, whereas the Student / test was used to compare 
mean values. 

Disease-free survival (DFS) was defined as the interval 
between surgery and the first documented evidence of 
disease in locoregional area, distant sites, contralateral 
breast, or their combination. Disease relapse was accurately 
assessed by clinical, radiological, and. whenever feasible, 
bistopathological examination. 

DFS analysis was performed by the Kaplan-Meier method 
and the log-rank test was used to compare the survival 
curves. A multivariate Cox proportional -hazards regression 
model was designed for factors that are relevant to prognosis 
to assess the independent contribution of each variable to the 
DFS. The results of the multivariate analysts were expressed 
in terms of hazards ratio (HR) along with their 95% 
confidence intervals (CT). 

Statistical, analyses were performed using the StatVicw 5.0 
software (Abacus Concepts, Berkeley, CA). All tests were 2 
tailed and a P value of less tha n .05 was considered significant 



3.1. PTEN and pAkt expression in node-negative 
breast carcinoma 

PTEN and pAkt expression was evaluated by imrmmo- 
histochemistry in 72 consecutive patients with node- 
negative breast cancer. PTEN and pAkt pretrial showed 
both a cytoplasmic and a nuclear localization (Fig. I A 
and B), but no significant difference was observed between 
their subcellular distribution and the analyzed tumor 
clinicopathologic and biological features (data not shown). 

A reduced or absent expression of PTEN and pAkt was 
observed in 23 (32%) and 9 (12.5%) of the 72 tumors 
respectively. All the pAkt" tumors were PTEN + tumors, 
although no statistical association between PTEN and pAkt 
expression was observed (Table 1). 

3.2. PTEN and pAkt status and clinicopathologic and 
biological parameters 

PTEN and pAkt expression was not associated with the 
main clinico pathologic and biological parameters, such as 




Hg, 1 Representative immunohistochemistrv of (A) PTUN, (Tl) pAkt, (Q p27 Klpl . and (D) cycliti D! expression in node-negative breast 
cancers. Original magnification *40. 
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the age, tumor size, histology, tumor grade, ER status, and 
the proliferation of the tumor evaluated by the Ki67 
expression (Table I ). 

According to the new molecular classification of breast 
cancer derived from DNA microaiTay profiling [20-23], 45 
(62.5%), 10 (13.9%).. and 17 (23.6%) of the 72 tumors were 
classified zus luminal (ER 1 ). HER 2 ovcrcx pressing (ER"/ 



A. Capodan no et al 

HER2'). and basaHikc (ER'7H£R2~/CK 5/6* ), respec- 
tively. However, neither PTEN nor pAkt status was 
significantly associated with the 3 distinct breast cancer 
subtypes, as shown in Table I . 

Statistical analysis revealed a highly significant asso- 
ciation between PTEN expression and the absence of 
disease recurrence {P = .005). In feci, 39 (80%) of the 





Ttumos ssqwth] 

i 

| j PATIENT'S SURVIVAL] 

Rg. 2 Schematic representation oHhc role of pAlct. PTEN, cyclin DK p27 Kl ^ and Ki67 in the reflation of cell proliferation in (A) rmrmal 
and (B) cancer cells, where their deregulation (arrowhead) leads to an increased tumor cell proliferation and growth, ami eventually to n 
decrease in the patient's outcome, 
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49 patients with PTEN" tumors did not show evidence of 
disease at the end of the 10-year follow-up observation 
(Table I). 

3.3. PTEN and pAkt status association with proteins 
involved in regulation of cell proliferation 

To investigate the relationship between the PTEN or 
pAkt status and the mechanisms involved in the 
regulation of cell proliferation, we evaluated the expres- 
sion of the p27 xl ^ 1 and cyclin PI proteins (Fig. 1C and 
D), whose expression is tightly regulated by pAkt and 
PTEN (JMg. 2A). 
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PTEN status was significantly associated with p27 K '> ? * 
iP - .0001) and cyclin Dl expression (P = .003). A higher 
percentage of p21 K ^ ] -positive cells (22.9 ± 1.9) and a lower 
percentage of cyclin Dl-positive cells (12.6 ± 2.1) were 
observed in PTEN 1 tumors compared lo the PTEN" ones 
(7.4 ± 2.6 and 24.3 ± 3,4, respectively). 

On the other hand, a significant inverse relationship was 
found between pAkt and p27 Ki ^' expression (P - .04). In 
fact. pAkf rumors showed a lower percentage of p27 K, P'- 
positivc cells (I6.fi ± 1 .9) compared to the pAkr ones (27.8 ± 
2.5). As expected (Fig. 2 A), pAkt 4 tumors showed a higher 
percentage of cyclin Dt-posittvc cells (I6.9 ± 2.0) than the 
pAkt~ ones (1 1 .7 ± 5.0). although this conelation was not 
statistically significant {P - .36). 



A B 




Luminal 

•p_ 03 BassMIke 

HER£ ovorexpressrng 

Ob , i. 



G 20 100 150 500 250 

DPS 

Fig. $ Kaplan-Meier curves comparing survival in patients with node-negative breast wmccr in relation to (A) PTEN. (3) pAkt, (C) p27 Kipl , 
and (D) Ki67 status, and in relation to (E) the new molecular classification of brc/ist cancer. m P value assessed using the log-rank test, 
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Table 2 Relationship between the DFS and the clinical ami 
molecular parameters in patients with node-negative breast 
cancer 



Parameter 



DFS (mo) 



P value* 



Age 





102 (82-122) 


.67 


'ju y 


94 (SO-IU/) 




Tumor size 






pi J i Z CJIl 


oc /o c i 1 1 \ 

yh 1 1) 


.47 


p T2 > 2 cm 


w (69*1 10) 




Histology 






Ductal 


97 (85-1 OS) 


.77 


LOcVUI&r 


105 (21-188) 




CD chifJio*' 
SL1LUS 






t:t> + 


105 (92-1 IS) 


.12 




Ot / £.c t no \ 

87 (oo-ln8) 










MO / 


35 (67-103) 


,012 


IvJO / 


1 i i /inn i a j\ 

113 (103-124) 




ivioiccuiaT Classification 






T Jiminfi 1 

i_/Ui (1111411 


1 CQ7 1 1 8\ 

too l?.:-! J o/ 


■sod 
Jo 


HER2 ovcrexprcssing 


67(17-117) 




Basal-like 


94(70-118) 


.23' 


pAktitHti)5 h 






pAkt" 


92 (80-105) 


.<HJ 


pAkt" 


127(121-132) 




PTEN status b 






' PTEN* 


107 (04-120) 


,007 


PTEN" 


76 (57-95) 




CyclinDl status 1,1 






CyclinDI + 


100 (88-112) 


.50 


CyclmDl" 


93(71-114) 




p27 Ki|> ' status b 




p27 Ki < lU 


10S (95-120) 


.015 


p27 ,w - 


SO (61-100) 





NOTE. Values are fchown as mean (95% CI), 

" P value asscRscd using the Student / test. Significant p values ;ire 
in italics. 

b Cut-off i: 10% positive Cells ot nuclei 

" P value assessed between luminal and basal-like, "luminal ond 
HER2 overexposing, and r WER2 ovcrexprcssinp and bflSOl-Hke. 



3.4. Survival analysis 

Twenty-three (32%) of ihc 72 patients rchipsed within 5 
years from diagnosis. To assess the prognostic value of the 
PDK/Akt/PTEN pathway, wc performed a survival analysis 
using the Kaplan- Meier method and the log-rank test to 
compare the survival curves. 

PTEN, pAkt. p27 K5 ^ and Ki67 status, as well as the new 
molecular breast cancer classification, were related to the 
DFS of die patients. Tu feet, the patients with PTEN ta (P = 
.003), pAkt> (P - .036). p27 K ^ 1 *- (P - .008), and = 
.0007) rumors showed worse recurrence rates compared to the 
patients with PTEN 1 , pAkl" p27 K| p , \ and Ki67" tumors 
(Fig. 3A-D). Similarly, the Kaplan-Meier curves showed a 
significant separation between the patients with the HER2 



ovcrcxpressing breast cancer subtype compared to the luminal 
or basal-like ones fjP - .03; Fig. 3E). 

Consistent with these results, the patients with PTEN"* 
{P = .007), pAkt* (/> = .035), p27 K -'P 1 ~ (P - ,015), ot 
KJ67"*" (P « .012) tumors showed .significantly shorter 
mean DFS compared to those with PTEN\ pAkr, 
p27 Ki Pi«, ov Ki67~ tumors, as shown in Table 2. m 
addition, the most aggressive TTER2 ovcrcxpressing breast 
cancer subtype showed a significantly shorter mean DFS 
compared to the luminal one (P = .034), whereas no 
significant difference in the mean DFS was observed 
between the basal-like subtype and the luminal or the 
HER 2 overexpvcsstng subtypes, of breast cancer (Table 2). 

3.5. Multivariate Cox proportional-hazards 
regression analysis 

To investigate the effect on survival of those factors that 
were found to be strongly relevant to prognosis (Ki67, PTEN, 
and p27 K5 i )l ). a Cox proportional-hazards regression model 
was designed including; the age at diagnosis, tumor size, ER, 
Ki67, PTEN. and p21 Kivl status as covariatcs. 

The multivariate analysis by the Cox proportional- 
hazards regression model showed that PTEN and Ki67 
were independent predictive factors of disease recurrence. In 
fact. HR in PTEN" and Ki67' patients was significantly 
higher compared to the PTEN 1 " and Ki67~ ones, whereas no 
significant difference in HR was observed in relation to the 
p27 K ^i slatllS ( Tilb i c $y 



Table 3 Multivariate Cox praportionnl-hu^grds regression 
analysis of different potential prognostic factors in relation 
to DFS in node-negative breast cancers 

Variable 

Agc : 

Tumor size* 
BR 1 
Ki67* 
PTEN 8 
p27** l H 

Deregulated 5G67 

and PTEN ** 
Deregulated Ki67 

and p27 K, > 1 +t 
Deregulated PTEN 

and p27* jpl i: 
Deregulated Ki67, 

PTEN and p27 Xipl 

» 

*HH assessed as: *>50 vx £50 years: <pT2 > 2 cm v* pTI * 2 cm: 
"negative tumo™ v.v positive ntntors; *posWve lumars vs negative 
lumors; ♦♦KJfiTVPTEN" tumors wi Ki677PTf:N* tumor?;; "KM*/ 
p27 Ki n i- lumon . w fC ifi7"/p27 K,p,+ tumors; « PTEl s T/p27 K,p, ~ 
tumors vs PTEN^?* 1 ^' tumors: ^KKl 1 /PTFN-/p27 Klp, ~ tumora 
vx K.i6r/PTEN"/p27^'* tumora. 



Hazards ratio* 


95% CJ 


P value 1 


0.76 


0,26-2.22 


.62 


0.77 


0.25-2.3 1 


.64 


2.24 


0.66-7.59 


.19 


7.78 


2.18-27.84 


.0017 


4.63 


1.55-13.80 


.006 


0.97 


0.35-2.68 


.95 


3JU0 


4J2-355.7S 


.0014 


15.44 


1.74-136.88 


.014 


4.31 


1,43-12.98 


.009 


23.81 


2.52-225.21 


.006 
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To identity a subgroup of patients with a higher risk of 
relapse, we performed a multivariate analysis taking into 
account the simultaneous deregulation of 2 risk factors (TCi67 
and PTEN. Ki67 and p27 Ki P", or PTEN and p27 Ki ^) or all 
the 3 risk factors (Ki67. PTEN. and p27 K * 1 ). 

A significant increase in fJR was observed in 
patients who showed a deregulated expression of both 
KiG7/PTEN, Ki67/p27 Ki n, 0 f PTEN/p27*'*' proteins 
(Fig, 2B and Table 3), In fact, the risk of disease 
recurrence of the Ki67 4 /PTEN~, Ki677p27 K * T - and 
PTEN^/p27 Ki f^ patients increased by 38.30-, 15.44-, 
land 4,31 -fold in comparison with the HR of the Ki67~/ 
PTEN+. K.i67-/p27 Ki r> , \ and PTEN + /p27 Ki ^ 1 patients, 
respectively fTable 3), Similarly, the simultaneous 
deregulation of all the 3 variables significantly increased 
the HR of disease recurrence (HR, 23.81; P = .006) 
(Table 3). Moreover, survival analysis by the Kaplan- 
Meiev method showed a significant separation among 
the DPS curves of the above-described different 
phenotypes (Fig. 4). 
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4. Discussion 

About 30% of the patients with node-negative breast 
cancer develop distant metastases and die within 1 0 years 
from diagnosis. New clinicopathologic guidelines based 
on reliable prognostic markers are required to identify 
those patients at high risk of disease recurrence who 
would benefit from more aggressive adjuvant therapy and/ 
or a closer follow-up. The present study was aimed lo 
explore the clinical and prognostic significance of the 
P[3K/Akt/PTEN pathway in the patients with nodc- 
ncgative breast cancer. 

The dysregulation of the PT3K/Akt pathway has been 
recently involved in the pathogenesis of several human 
cancers [1-3] and t\ large number of findings have high- 
lighted a critical role of this pathway in the initiation and 
progression of primary mammary epithelial tumor cells to a 
metastatic phenotype [24 ? 25"|. Recent studies have shown 
that Akt and PTEN arc associated with breast cancer 
malignancy and a poor prognosis [19,26-29]. 
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Fig. 4 Kaplan^Meier curves in a scries of 72 patients with node-negative breast cancer stratified according to the deregulated expression of 
(A) Ki67/PTEN, (R) Ki*7/p27 K "", <C) PTEN/p27 Ki ^ f (D) and Ki67/PTBN/p27 Klpl . *P value assessed using the log-rank test. 



PAGE 82/141 1 RCVDAT 12/6/2011 9:52:30 AM [Eastern Standard Time] 1 SVR:W-PTOFAX-001/45 1 DNIS:2738300 ■ CSID:1203S7060O2 1 DURATION (mm-ss):69-24 



12/06/2011 10:51 12038706002 



COLEMAN SUDOL SAPONE 



PAGE 83/99 



1416 



In our study, the ovcrcxpression of PTEN was signifi- 
cantly associated with the Absence of disease recurrence (P = 
.005), suggesting an important role of the PTEN gene as a 
tumor suppressor gene in malignant breast cancer progres- 
sion. Moreover, our data showed a highly significant 
association between a shorter DFS of the patients with 
node-negative breast cancer and the dysregulatioti of (he 
PDK/Akt pathway. 

Univariate analysis revealed that the pAkt overcxpression 
or the reduced PTEN and p27' c, n | expression identifies a 
subgroup of patients with node-negative breast cancer with a 
poor prognosis. In addition, the patients with the MER2 
overexprcssing subtype and high Ki67 expression showed a 
worse prognosis compared to those with the luminal and 
basal-like subtypes of breast cancer and low Ki67 expres- 
sion, respectively. 

Moreover, muitivariatc analysis by the Cox proponiotml- 
hazards regression model showed that PTEN and Ki67 were 
independent prognostic factors Df disease recurrence. In fact, 
the patients with node-negative breast cancer with high K.i67 
or reduced PTEN expression had a significantly higher HR 
compared to those with low Ki67 or high PTEN expression. 
Furthermore, the combined analysis revealed that the 
simultaneous deregulation of Ki67 and PTEN strongly 
increases the risk of disease recurrence. Interestingly, the 
absence of PTEN expression identifies a phenotypc at poorer 
prognosis in the subset of patients with Ki67' tumors. 
Similarly, the deregulation of p27 Ki|>l expression seems to 
differentiate the patients at high risk of disease recurrence in 
the subset of patients with Ki67" and PTEN k tumors that 
have a good prognosis, 

Tn agreement with the literature data, activated Akt kinase 
has been found in 87,5% of the node-negative breast tumors 
[30,3]], whereas PTEN expression was absent or reduced in 
32% of the analyzed tumors [16.17,26,32]. The expected 
inverse relationship between the loss of PTEN expression 
and pAkt overcxpression was not observed in Our group of 
tumors, although nil the pAkt" tumors were PTEN" tumors, 
indicating that the main upstream regulator of Akt in most 
early breast cancers could be the F.R, rather than PTEN, 
HER2, or EGFR, as suggested by Panhigvahi ct al [30]. 

Despite their strong relationship with the patient's 
clinical outcome, we did not find any significant associa- 
tion between pAkt or PTEN status and the main 
clinicopathologic and biological markers, such as the age, 
size, histologic subtype, tumor grade, Ki<57 expression, and 
ER status, or the new molecular breast cancer classification. 
Although other authors did not show any correlation 
between pAkt or PTEN status and the main clinicopatho- 
logic parameters [17,26,32], the histologic subtype and in 
particular the grade have a clear prognostic value tn breast 
cancer, and the expression of pAkt and PTEN would be 
expected to vary accordingly. The possible explanation for 
the lack of correlation between the analyzed markers and 
the histologic subtype or grade is dual. Firstly, the lack of 
correlation could be biased by the relatively small number 
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of the patients. Secondly, the lack of correlation between 
pAkt or PTEN expression and the histologic subtype could 
be due to the fact that, in our cohort of patients with node- 
negative breast carcinoma, only 3 had a lobular carcinoma. 
However, we suppose that these markers arc more likely to 
identify move aggressive tumors in a group of cancers 
instead of being ovcr/undcrexpresscd in a single histotype. 
As to the grade, the evaluation of the pAkt or PTEN 
markers gives us a functional portrait of the nimor cells that 
are more tightly related to the clinical aggressiveness, 
whereas the grade derives from the direct observation of 
physical characteristics of the tumor cells that usually 
con-elate with the biological, behavior of the whole tumor 
population. Therefore., the lack of correlation is probably 
due to the fact that the identification of more aggressive 
tumors based on the physical characteristics does not 
perfectly overlap with that made on the basis of the 
functional characteristics by pAkt or PTEN markers. 

In the present study, we also explored the relationship 
between pAkt or PTEN status and the mechanisms involved 
in cell proliferation control. 

According to their key role in the regulation of the cell 
proliferation [9,1 1 J, pAkt and PTEN status was signifi- 
cantly associated with the cyclin-dcpcndcnt kinase inhi- 
bitor p27 KJ i >l . The expression of p27 K| P' has been shown 
to be inversely related to pAkt expression (P = ,04) and 
directly related to PTEN expression {P = .0001). More- 
over, we observed a significant inverse relationship (P = 
003) between PTEN and cyclin Dl expression. These 
results arc in agreement with the role of pAkt and PTEN 
in p27 K, f" and cyclin Di regulation through the protein 
stabilization and transcriptional activation of the cyclin Of 
and p27 Ki "t genes [10,11.33]. Despite their striking 
relationship with the cyclin Dl expression. PTEN and 
pAkt expression was not related to the tumor proliferation 
assessed by the Ki67 expression. This lack of correlation 
could be explained by the fact that Ki67 overexpression, 
which is the result of a plethora of cellular events 
involved in cell proliferation, is not directly related to 
cyclin D1. expression in agreement with our previous data 
1 34]. Furthermore, Schmitz et a) [31] have recently shown 
that node-negative breast tumors with activated Akt 
exhibit a lower apoptotic rate rather than an increase in 
cell proliferation compared to pAkt-negativc tumors, 
Therefore, the activation of the PDK/Akt pathway in 
node-negative breast cancers may promote cell survival 
rather than cell proliferation, 

Tn conclusion, our data show that the deregulation of the 
P13K/Akt pathway contributes to a more aggressive 
phenotypc in node-negative breast cancer and identifies a 
subgroup of patients at poor prognosis characterized by a 
high expression of activated Akt kinase and a loss of PTEN 
and p27 K, >' expression, suggesting that their evaluation 
together with the classical prognostic markers could improve 
the prognostic signature of the patients with node-negative 
breast cancer at high-risk of disease recurrence. 
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Akt Phosphorylation and Gefitinib Efficacy in Patients 
With Advanced Non-Small-Cell Lung Cancer 
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Background: Gefitinib, a specific epidermal growth factor 
receptor (EGFR) tyrosine kinase inhibitor, has activity 
against approximately 10% of undetected non-$m all-cell 
lung cancer (NSCLC) patients. Phosphatidylinositol 3'- 
kinnse (PI3K)/Akt and Ras/Raf/mitogcn-activated protein 
kinase (MAPK), the two main EGFR-signaling pathways, 
mediate EGFR effects on proliferation and survival. Because 
activation of these pathways is dependent on the phosphor- 
ylation status ol the components, we evaluated the associa- 
tion between phosphorylation status of Akt (P-Akt) and 
MAPK (P-MAPK) and gefitinib activity in patients with 
advanced NSCLC. Methods: Consecutive patients (n = 106) 
with NSCLC who had progressed or relapsed on standard 
therapy received gcfitfnJb (250 mg/day) until disease pro- 
gression, unacceptable toxicity, or patient refusal. P-Akt and 
P-MAPK positivity was determined with immunohistochem- 
istry using tumor tissues obtained before any anticancer 
treatment, Association of P-Akt and time to progression was 
determined by univariate and multivariate analyses. All 
statistical tests were two-sided. Results: Of the 103 cvaluable 
patients, 51 (49,5%) had tumors that were positive for 
P-Akt, and 23 (22,3%) had tumors that were positive for 
P-MAPK. P-Akt-positivity status was statistically signifi- 
cantly associated with being female CP<.001), with never- 
smoking history (P = .004), and with bronchtoloalveolar 
carcinoma histology {P = .034). Compared with patients 
whose tumors were negative for P-Akt, patients whose tu- 
mors were positive for P-Akt had a better response rate 
(26J% versus 3.9%: P = .003), disease control rate (60,9% 
versus 23,5%; P<m\), and rime to progression (5.5 versus 
2.8 months; P = .004). Response rate, disease control rate, 
and time to progression did not differ according to P-MAPK 
status. The multivariate analysis showed that P-Akt posi- 
tivity was associated with a reduced ii.sk of disease progres- 
sion (hazard ratio = 0.58, 95% confidence interval =* 0,35 to 
0.94). Conclusions: Patients with P-Akt-positive tumors who 
received gefitinib had a bettor response rate, disease control 
rate, and time to progression than patients with P-Akt- 
negative tumors, suggesting that gefitinib may be most ef- 
fective in patients with basal Akt activation, fj Natl Cancer 
Inst 2004;96:1133-41] 



Lung cancer is the leading cause of cancer death among men 
and women in Europe and North America (I). Despite aggres- 
sive surgical and chcmothcrapculic intervention, die prognosis 
of patients with non-small <e 11 lung cancer (NSCLC) remains 
poor, with an overall cure rate of less than J 5% (21 Given the 
rapid advances in the molecular and biological understanding of 



the tumorigenic process, several new strategics, including those 
thQt involve specific molecular targets, have been developed for 
rho treatment of various cancers. 

One potential family of therapeutic targets is the epidermal 
growth factor receptor (EGFR) supermini ly. These cell mem- 
brane receptors have been implicated in the development and 
progression of cancer through their c fleets on cell cycle progres- 
sion, apoptosis, angiogenesis. aad metastasis (3-6). The EGFR 
superfamily includes four distinct receptors: EGFR/ErbB-I, 
HER2/ErbB'2, HER3/EAB-3, and HER4/ErbB-4. Although 
specific soluble ligands that bind to the extracellular domains of 
HGFR, HER3. and MER4 have been identified, no Jigand has | 
been identified for Che HER2 receptor. Several ligands can bind $ 
to EGFR, including EG.F and transforming growth factor a | 
fTGF-oO. After the ligand binds the receptor, the receptor dimer- 3 
izes — cither as a homodimcr or as a heterodimev with other I 
members of the EGFR family, but preferentially with HER2 — ! 
and undergoes autophosphorylation at specific tyrosine residues f 
within the intracellular domain. These autophosphorylation t 
events in turn activate downstream signaling pathways, includ- f 
ing the Ras/Raf/mitogen-aetivated protein kinase (MAPK) path- I 
way and the phosphatidylinositol 3'-kiuase (PI3K)-Akt path- c 
way. Activation of Ras initiates a multistcp phosphorylation I 
cascade that leads to the activation of MAPKs. The MAPKs i 
ERK1 and ERK2 subsequently regulate gene transcription and f 
have been linked to cell pro literati on, survival, and tvansfbrma- | 
tion in laboratory studies (7). Akt also playa a critical role in z 
controlling the balance between cell survival and apoptosis f8j. £ 
Phosphorylation of Akt is required for its activation; once acti- " 
vatcd, Akt inactivates proapoptotic proteins, including the Bcl-2 
family member Bad and caspase-9, and cell cycle-Tegulatory 
molecules (9-10). Akt: function is also important for cell sur- 
vival when cells are exposed to different apoptolic stimuli, such 
as growth factor withdrawal, ultraviolet radiation, and DNA 
damage (il-15). Given its association vvith cell survival, it is not 
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surprising that Akt has been found to be ovcrcx pressed in several 
cancers, including lung (15). pancreatic (16), thyroid (17). and 
ovarian (Jti-1?) cancers. Recently* Akt phosphorylation has 
been observed in more than 60% of patients with NSCLC (20). 

Drugs interfering with EGFR pathwHys arc thought to be of 
potential tbcrapcutic benefit in tumors expressing or ovcrcx- 
prcssing EGFR, and during the last decade. several molecules 
have been synthesized to inhibit the tyrosine kinase domain of 
EGFR (21,22). Among the more promising new drugs is ZD- 
1839 (gefitinib or Ircssa; AstraZeneca, London, U.K.), an orally 
active, selective EGFR tyrosine kinase inhibitor with antitumor 
activity against a variety of human cancer eel] lines expressing 
EGFR (23). After objective responses were observed in 1 1% of 
study participants in phase T trails (24-27). two large phase TT 
trials (IDEAL 1 and 2) (28.29) were conducted. The results of 
the IDEAL trials confirmed that gefitinib is active in approxi- 
mately 10% of patients with NSCLC in whom standard therapy 
failed (28,29). Although these results were considered encour- 
aging because they were obtained from patients in whom stan- 
dard therapies were largely ineffective, only a. small percentage 
Of patients responded to single-agent gefitinib. Preclinical data 
have suggested that EGFR expression is not the critical factor in 
determining whether a patient will- respond to gefitinib (30), 
although tumors that overexprcss HER2 are highly sensitive to 
gefitinib (31). In our previous trial (32). conducted on 63 pa- 
tients with NSCLC who gave their consent for EGFR and HER2 
analysis, we examined the association between efficacy pod 
tolcrability of gelitiriib and EGFR and HER2 expression. In that 
small study (32), in which HER2 status was determined with 
immunohistochemistry. there was no association between HER2 
expression and gefitinib activity. 

Although the degree of EGFR expression does not affect 
response to gefitinib, clinical responses to EGFR-blocking 
agents suggest that, in some patients with NSCLC, the EGFR 
signaling pathway may be the critical pathway for tumor growth, 
rt is possible that patients who respond to EGFR-blocking agents 
such as gefitinib arc those patients in whom tumor cell survival 
is maintained by activated EGFR-dcpcndent pathways. To test 
Ihis hypothesis and to determine if it js possible to identify which 
patients may respond to gefitinib therapy, we evaluated the 
association between the phosphorylation status of MAPfC and 
Akt in patients with advanced NSCLC before starting gefitinib 
therapy and evaluated their response to gefitinib therapy. This 
trial was desigued to evaluate possible associations between the 
phosphorylation status of Akt and of MAPK and gefitinib ac- 
tivity in terms of response rate and time to progression. 

Patients and Methods 
Patterns 

Study enrollment began in February 2001. and the last pa- 
tients were enrolled in Augusr 2003. In the period. February 
2001-Junc 2002, because of the ougoing HER2 study (32), 
patients were asked to give their consent for inclusion in the 
HER2 study fN = 55), the AM/MAPK study (NT - 22) (the 
results of which are described in this article), or both studies 
fN = HJ. 

Patients included in the present study had histologically con- 
firmed, measurable, locally advanced or metastatic NSCLC and 
had progressed or relapsed after standard therapy. Patients who 



had not received any previous chemotherapy were included in 
the study if they were considered not eligible for systemic 
therapy because of age. poor performance status, or any medical 
condition contraindicating chemotherapy. To be eligible for the 
study, patients had to be aged older than 18 years, have an 
ECOG performance status of 2 or less, have a white blood cell 
count of at least 3.5 x JO^/L, have a platelet count of at least 100 
X 10°/L. have a hemoglobin level of at least 9 g/d.L, have an 
absolute granulocyte count of more than 2.0 x I0 9 /L, have a 
bilirubin level that was less than 1.5-foId the upper limit of 
normal, have a prothrombin time or activated partial thrombo- 
plastin time, of less man 1 .5 times that of control, have an alanine 
aminotransferase (ALT) or aspartate aminotransferase (AST) 
levels of less than threefold the upper limits of normal (this level 
was increased to fivefold for patients with known hepatic me- 
tastases), and have a calculated creatinine clearance rate of more 
than 45 tnL/min. Patients were ineligible for the study if they 
had evidence of prior or concurrent malignancy, with the excep- 
tiun of in situ carcinoma of the cervix, adequately treated basal 
cell carcinoma of the skin, or no evidence of recurrence of a 
malignancy treated 5 or more years ago. 

Before patients were included in the trial, all patients were 
asked about their smoking history and classified as nonsmoker 
(never smoker), former smoker (stopped smoking more than 6 
months before enrollment onto the trial), or current smoker 
(stopped smoking less than 6 months before enrollment onto the 
trial or still an active smoker). Lung cancer histology was 
defined according to the World Health Organization pathology 
classification (33), Written informed consent was obtained from 
each patient entering the study. The study was approved by the 
appropriate ethics review boards and followed the recommen- 
dations of the Declaration of Helsinki for biomedical research 
involving human subjects and the guidelines for good clinical 
practice. 

Study Design and Treatment 

In this study, 106 consecutive patients with NSCLC who 
progressed or relapsed after standard therapy failed received 
gefitinib daily at a dose of 250 mg. Patients received the drug 
until their disease progressed (n = 77), they experienced unac- 
ceptable toxicity (n = 1 ), or they refused to comply further (n = 
1). The drug was provided by AstraZeneca on a compassionate- 
use basis. 

Before the time of entry on the trial a baseline evaluation was 
performed for each patient that included a complete history and 
physical examination, a complete blood cell count and serum 
chemistry analysis, urinalysis, an electrocardiogram, chest x-ray, 
and a total-body computed tomography (CT) scan. Other imag- 
ing modalities* such as magnetic resonance imaging and bone 
scintigraphy, were performed according to specific clinical in- 
dications. All baseline imaging procedures were performed 
within 4 weeks before study entry. Biochemical screening, 
which was performed every 4 weeks, Included assessments of 
serum levels of creatinine, electrolytes, alkaline phosphatase, 
bilirubin, AST, ALT. calcium, magnesium, and total protein. 
Patients were evaluated for response according to the RECTST 
(response evaluation criteria in solid tumors) criteria (36). Tu- 
mor response was assessed by CT scan every 2 months, with a 
confirmatory evaluation that was repeated in patients who had 
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not progressed to therapy at least 4 weeks after the initial 
deter mj nation of response. 

Immunohistochemical Staining 

Tumor specimens obtained at the time of primary diagnosis 
or at the time of study entry were collected for P-Akt and 
P-MAPK immunohistochcraistry. Paaflm-cmbcddcd tissue sec- 
tions were stained with antibodies against phospho-Akt (P-Akt; 
Cell Signaling Technology, Beverly, MA) and phospho-MAPK 
(P-MAPK; Cell Signaling Technology), according to the man- 
ufacturer's recommended protocol. Briefly, 4-jjLm-thick tissue 
sections were placed on glass slides and deparaffinized. The 
tissue sections were incubated in IX Microstain TJnmasker 
Buffer (pH 8) ( Vcntana, Tucson, AZ) for 40 minutes at 98 °C to 
unmask the antigens. The reaction was quenched with )% hy- 
drogen peroxide. Nonspecific binding sites were blocked with 
5% goat serum, in phosphate-buffered .saline (PBS) for I hour at 
room temperature. The sections were then incubated with P-Akt 
(Ser473) rabbit polyclonal antibody (1 :50 diluted in phosphate 
buffer) or P-p44/42 Map Kinase (Thr202nyr204) polyclonal 
antibody (1 : 100 diluted in phosphate buffer) overnight at 4 °C. 
The sections were developed by using a two-step method in- 
volving a large-volume biotinylated goat polyvalent antibody 
and a large-volume strcptavidin peroxidase reagent (Lab Vision, 
Fremont, CA). The negative controls were incubated with non- 
immune solution in place of primary antibody. 

ImnuinohistochemicaMy stained sections were interpreted in- 
dependently by two pathologists who were blinded to all patient 
information. The intensity of slatning seen in different areas of 
the same slide was analyzed according to criteria described 
previously for p53 (34). Imtnunohistochemical analyses were 
centralized, and all were performed at lite Bcltaria Hospital 
Pathology Department. ImmunohistochemicaJ results were 
blinded, and the referring physician was informed of the results 
only at the end of the trial or when the patient was withdrawn 
from the study, 

At present, there are no validated scoring systems for inter- 
preting immunohistochcmical staining for P-MAPK or P-Akt.. 
We used a system for interpreting P-MAPK staining that was 
based on staining intensity. If none of the tumoT cells stained, the 
intensity was coded as 0; if more than 10% of the tumor cells 
stained weakly, the intensity was coded as 1 -h; if more than. 10% 
of the tumor cells stained moderately, the intensity was coded as 
2+; and if more than 1 0% of the tumor cells stained strongly, die 
intensity was coded as 3 + . Specimens having a score of 0 or 1 't- 
were considered negative, whereas a score of 2+ or 3+ was 
considered positive. We used a system for interpreting P-Aki 
staining that was based on subcellular staining localization. 
Activation of Akt by phosphorylation results in its translocation 
from the cytoplasm to the nucleus (35). Thus, staining was 
considered positive if nuclear staining was present and negative 
if nuclear staining was absent. 

Statistical Analysis 

Jntent-to-treat analyses were performed on duta from all 
patients who entered the study and received treatment. The trial 
was designed to detect a difference in response rate between the 
patients whose tumors were P-Akt positive and patients whose 
tumors were P-Akt negative. A sample size of 94 patients, with 
47 patients in ench group, was considered adequate to detect a 



difference of 25% (5%-30%) between the two groups, with a 
two-sided significance level (o0 of 5% and a power of 90%. 
Sample size was calculated using SPSS version 11,5.1 (SPSS 
Italia srl. Bologna, Ttaly). 

Statistical analyses were performed with respect to clinical 
characteristics and response to therapy. For both proteins, dif- 
ferences between the two groups (positive and negative) were 
compared by Fisher's exact test or chi-squarc test for nominal 
variables and the Mann-Whitney test or Student's / test for 
continuous variables. Normality of the distribution of continuous 
variables was assessed with the Kolmogorov-Smirnov test. 
Time to progression, overall survival, and 95% confidence in- 
tervals (Cls) were evaluated with the Kaplan-Meier method 
(37). and differences between the two groups were evaluated 
with the log-rank test. Risk factors associated with time to 
progression were evaluated using Cox's proportional hazards 
regression model with a step-down procedure (38). Proportional 
hazard assumptions were checked and satisfied. Only those 
variables with statistically significant results in univariate anal- 
ysis were included in the mult [variable analysis. The criterion 
for removing a variable was the likelihood ratio statistic, which 
was based on the maximum partial likelihood estimate (default 
P value of ,10 for removal from the model). Data analysis was. 
planned for 3 months after the enrollment of the last patient. This 
time was selected because standard therapies had failed in our 
cohort, and the patients therefore had a poor prognosis. The 
degree of agreement between the two pathologists involved in 
the study (EM and SD) was assessed by a weighted k statistic 
(39). All statistical analyses were performed usini; SPSS version 
,11 J. I (SPSS Italia srl). 

Results 

Patient Characteristics 

From February 2001 through August 2003. 1 06 consecu- 
tive patients from, three Italian institutions fullillcd the selec- 
tion criteria and received gefitinib daily at a dose of 250 mg. 
The majority of patients (76 patients) were enrolled after June 
2002. Tumor tissue specimens were not suitable for immu- 
nohistochemtstry from four patients; sections from two pa- 
tients could not be stained for P-Akl and P-MAPK, sections 
from one patient could not be stained for P-Akt, and sections 
from one patient could not be stained for P-MAPK. Thus, 103 
patients contributed immunohistochemistry results for cither 
P-Akr or P-MAPK.. Patient characteristics are listed in Table 
1. The majority of the patients were male (63.1%), with a 
median age of 63 years (range = 25-83 years) and with a 
good ECOG (Eastern Cooperative Oncology Group) perfor- 
mance status (86.4% had a performance status of 0 or .1). 
Ajnong the patient cohort. 55.3% had adenocarcinoma, 12.6% 
had bronchioloalvcolar carcinoma, 20-4% had squamous-ccll 
carcinoma, 9.8% had undifferentiated carcinoma, and 1.9% 
had large-cell carcinoma. Seven patients (6.8%) received 
gclitinib as first-line therapy: One patient was aged older than 
80 years, and *ix patient* had comorbidities coniraindicAting 
chemotherapy. The remaining 96 patients had all received 
chemotherapy before gefitinib, and of these patients, 74.7% 
had received chemotherapy that included a platinum salt. At 
the time of study entry, the majority of patients were current 
(50.5%) or former (31.1 %) smokers. 
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Table 1. Patient characteristics tmd association with the f^OSphorylation statu* of Akr nnd MAPK determined by immunohistocticmistry in cvaluabfc patients* 



P-Akt status 



P-MAPK. status 



Characteristic 



Total 



P-Alct-positivc P-Akt-ncgalivc 



Sex 

Male (55 1 63.1) 24 (47.h 

Female 38 <36.v) 27 (52.V) 

Age. y 

Median 62.6 62 

Range 25-83 25-83 

Disease stage 

IN 14(13.6) 7 03.7) 

IV S9(SG.4> 44 <$0.3) 

Histology 

ADC 57(55.3) 24f47.1) 

SCC 21(20.4) I2f23.5) 

9 AC (3(12.6) 10(19.6) 

UndlH" 10(9,8) 5(9.8) 

LCC 2 (1.9 1 0(0.01 

HCOG performance status 

0 47(45,6) 24(47.1) 

1 42(40.8) 19(37.3) 

2 14 (lift) 3(15.7) 

Previous chemotherapy courses 

0 7(6.8) 2(3.9) 

1 44 (42 J) 25(49.0) 

2 47 (39.3) 19(37,3) 
3l- MOO.?] 5(9.8) 

Previous ci$pli.tfm 

Vcs 77 (74.7) 35 (68.6) 

Nn 25(25.3) 16(31.4) 

Smoking history 

19 H 8.4) 15(20.4) 

Former 32 (MA) 16(31.4) 

Oirrent 52(50.5) 20(39.2) 



n ■ SI (49.5) n = 52 (50.5) /• 

<0f)\ 



41 (701 

nai.2) 



63 
33-77 



7(}3.5) 
45(86.5) 



33(63.5) 
9(17,3) 
3(5.K) 
5(9.6) 
2(3.S) 



23 (44.2) 
23 (44.2) 
6(11.5) 



5 (9.6) 
19(36.5) 
22 (42.3) 

6(11.5) 



42 (80.8) 
10(19.2) 



4(7.7) 
16 (30.8) 
32 (61.5) 



.969 



.034t 



.539* 



NA 



NA 



.(XM3 



Total 
t « 103 



65(63.1) 
3R (36.9) 



14(13.6) 
89 (86.4) 



58 (56.3) 
20 ( 1 9 A) 
13(12.6) 
10(7.7) 
2(1.9) 



46(44,7) 
43 (41.7) 
14(13.6) 



7 (6 X) . 
43(41.7) 
42 (40.6) 
11(10.7) 



77(76.2) 
24 (23.8) 



19(18.4) 
31 (30.1) 
53(51.5) 



MAPK 2+Z3+ 
(%) 



i4tr;o.9) 

9(39.1) 



62 
25-80 



4(17.4) 
I9(?2.6) 



10(43.5) 
6(26.1) 
4(17.4) 
3(13.0) 
0(0.0) 



9(39.1) 
9(39.1) 
5(21.7) 



2(8.7) 
12(52.2) 
7 (30.4) 
2 (S.7) 



17(73.9) 
6(26.1) 



4(17.4) 
8 f.H.B) 

I I (47.K) 



MAPK 0/1 H- 



li - 23 (22.3) n = R0 (77.7) 



51 (63. S) 
29 (36.3) 



63 
33-S.1 



10(12.5) 
70 (S7.5) 



4S (60.0) 
14(17.5) 
9(11.3) 
7 18.5) 
2(2.5) 



37(46,3) 
34(42.5) 
9(11.3) 



5(6.31) 
3i (38.8) 
35(43.8) 

9(11.3) 



61 (76.2) 
19(23.8) 



15(18.8) 
23 (28,8) 
42 (52.5) 



.811 



.509 



.4 80t 



.297* 



MA 



NA 



I .OOOj} 



•Phospho-AJu (P-Akt) and phospho-MAPK (P-MAPK) status was determined by immiinohistrtchcmistry on luinor sections. Tumor* that hnd nuclear P-Akt 
Staining, a measure or Akt activation* were considered positive. For P-MAPK. staining, if none of The tumor cells stained, the intensity was 0 (considered negative): 
if more thim 10% of the tumor cells stained weakly, the intensity was I + (considered negative): if more thnn 10% of the tumor cells stained moderately, the intensity 
wis 2+ (considered positive): and if more than 10% orrhe tumor cells stained strongly. Ihe intensity was 3+ (considered positive). ADC = adenocarcinoma; SCC 
* squamous-ecll carcinoma; SAC - bronchioloolvcolar carcinoma; UndilT = undifferentiated: LCC = large-cell carcinoma; ECOG = Eustcm Cooperative 
Oncology Ciraup: NA - not assessable. 

■^HAC versus olhcr histology. 

£ Performance Mains 0-1 versus 2. 

§No smoker versus Former plus currunl smoker. 



Immuno his to chemistry was performed ot) primary lung 
tumor specimens obtained before any anticancer therapy. 
Tumor tissue specimens were obtained at the rime of surgery 
for 26 patients, at the time of original diagnosis of advanced 
disease for 73 patients, and immediately before starting ge- 
fitinib therapy for seven patients. Among the 103 patients 
evaluated for P-Akr and P-MAPK. status, 52 (50.5%) had 
tumors that were negative for P-A.kl and 51 (49.5%) had 
tumors that were positive for P-Akt, 80 (77.7%) had rumors 
that were negative (0-1 -h) for P-MAPK. 14 (13,6%) had 
tumors that were moderately positive (2-M for P-MAPK. and 
nine (8.7%) had tumors that were strongly positive (3 + 1 for 
P-MAPK. The agreement between the two pathologists who 
reviewed all immunohistochemical staining was very strong, 
with a weighted k statistic of 0.973 lor P-Akt (P<.00)) and 
0.966 for P-MAPK (P<.00\). 



We next evaluated the association between P-Akt and 
P-MAPK status and clinical variables. P-Akt status was statis- 
ticaJJy significantly associated with being female (P<.001), 
never-smoking history (P ■* .004). and a bronchi oloalveolar 
carcinoma histology (P = .034). No association was found 
between P-Akt status and other tumor histologies. P-MAPK 
status was not statistically significantly related to any clinical 
variable. 

Response to Therapy 

One hundred patients were ©valuable for response. Six pa- 
tients were considered not evaluablc for response because of the 
absence of any measurable lesion (one patient) or because the 
patient was lost to fbJIow-up after the baseline visit (five pa- 
tients). Gefitinib was administered orally, with a median ircat- 
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Table I. Response to ggfilinib therupy in patients with advanced noo-small-cell limg cancer according to the phosphorylation status of Akt and MAPK 



Tumor 

phosphorylation 
Status* 


Total No. of 
Cvutunblc 
tumors 


No. of complete 

mid partial 
responses f%)t 


P 


No. with 
stable 
disease <%) 


No. of complete and partial 
responses un<t stable 
discn.se (%) 


P 


Tmal = 103 
P-AKTt 
P-AKT- 
MAPK 0/1 + 
MAPK 2+Z3+ 


97 
46 
51 
75 
22 


14 MM) 
12(26.1) 
2 (3-9) 
0(12.0) 
5 (22.7) 


.003 
.298 


2b{2A.8) 
16(34,8) 
10(19.6) 
20(27.f$l 
6(27.3) 


40 (41.2) 

28 (60,9) 
I2f2*.5) 

29 L3V.7) 
1 1 (50.0) 


<.on i 

,461 



*Phospho-Akl f P-Akt) and phnspho-MAPK (P-MAPK| sraius was dcrermincd by nniminohiswchCffliSLry on tumor section*. Tumors that had nuclear P-Akt 
staining, a measure of Akl derivation, were considered positive. Pot P-MAPK staining, if none of the tumor cells stained, the intensity was 0 (considered negative); 
if more than 1 0% of the tumor cells stained weakly, the intensity was I I {considered negative); i f more than 1 0% of the tumor cells stained moderately, the intensify 
was 2-*" (Considered positive); and if more than 10% of the tumor celU stained strongly, the intensity was 3+ (considered positive). 

f Complete response was defined as the disappearance of all target lesions: partial response was defined its at least u ')>{)% decrease in the sum of the longest diameter 
of target lesion* (R.ECIST [response evaluation criteria in solid tumors] criteria). 



ment duration of 3.6 months (range = 0.6-23.5 months). One 
(1%) patient had a complete response, 13 (13%) patients had a 
partial response, and 26 (26%) patients had stable disease, for an 
overall response rate of 14% (95% CT = 7-9% to 22.4%). The 
overall response rate, including complete responses and partial 
responses, was 26.1% for patients with P-Akt-positive armors 
and 3,9% for patients with P-Akt- negative tumors (mean dif- 
ference = 22.2%. 95% CI = 14.0 Co 30.4; P = .003). The 
disease control rate, which includes complete responses, partial 
responses, and stable disease, was 60.9% for patients with P- 
Akt-positivc tumors and 23.5% for patients with P-Akt-nega- 
tive tumors (mean difference - 37.4%, 95% CI - 27.9 to 46.9; 
/^.OOl). There was no difference in terms of response rate and 
disease control rale among patients with P-MAPK-negatjve 
tumors and patients with P-MAPK-posicive tumors (response 
rales = 12% versus 22.7%, respectively; P = .298; disease 
control rate = 3S,7% versus $0%. respectively; P = .461) 
(Table 2). Eighteen patients had tumors that were positive foe 
both P-Akt and 'P-MAPK. To this subgroup of patients, the 
response rate was 29.4% and disease control rate was 58.8%. 
values that were not statistically significantly different from 
those observed for patients with tumors positive for P-Akt and 
negative for P-MAPK. (response rate = 24.1%, disease control 
rate - 62.1%) but statistically significantly better than those 
observed for patients whose tumors were negative for both 
P-Akt and P-MAPK (response rate 4.4%; P - .014; and 
disease control rate - 24.4%; P - .011) (Table 3). No compar- 
isons were made with six patients whose tumors were negative 
for P-Akt but positive for P-MAPK because of the small sample 
size. 



Time to Progression and Survival Analysis 

Final analysis was performed in November 2003. after more 
than 3 months since the enrollment of the last patient. With a 
median follow-up time of 6.6 months (range = 0.6-24.1 
months), the median time to progression for the entire cohort g 
was 3.4 months (range = 0.6-24.1 months), and median overall | 
survival time was 9.4 months (range = 0.6-24.1 months). At the | 
time of the final analysis, 33 patients with P-Akt-positive tumors 1 
and 44 patients with P-Akt-negative tumors had radiological ly ? 
confirmed disease progression, whereas 27 patients with P-Akt- | 
positive tumors and 41 patients with P-Akt-ncgativc tumors had I 
symptomatic progression (onset of new symptoms or worsening 5 
of existing disease-related symptoms). Median time to progres- | 
sion was statistically significantly longer for patients with P- I 
Akt-posilivc tumors than for patients with P-Akt-negative tu- \ 
mors (5.5 versus 2.8 months, mean difference = 2.7 months. £ 
95% CI - 1.5 to 3.9 months; P = .004) (Fig. 1), Time to J 
progression did not differ on the basis of P-MAPK status (3.2 | 
raondis for patients with P-MAPK-ncgativc tumors versus 4.8 9 
months for patients with P-MAPK-negative tumors; P - .29). | 
Median time to progression was 6.2 months tor patients with 1 
tumors that were positive for both P-Akt and P-MAPK, which £ 
was not statistically significantly different from the median time 
to progression of patients with tumors that were negative for 
P-Akt and P-MAPK (2.8 months; P » .05) or from that of 
patients with tumors that were positive for P-Akt and negative 
for P-MAPK (0/1+) (5.3 months: P = .63). 

To define which variables were predictive of improved time 
to progression, we evaluated prespecilied prognostic factors at 



Table 3. Association between response to gctilinib therapy and phosphorylation statu* of Akt and MAPK in patients with advanced notwmnll-ccll lung cancer 

Total No. of No. of complete No. of complete, partial, 

Tumor phosphorylation evaluublc and partial and stable disease 

status* tumors responses (%) r responses (%) p 



P*Aki»-/MAPK2+/3 + IK 5(29.4) IO(5fU) 

P-Akl + ZMAPK 0/I + ?3 7f24.l) • 7 * V7 !S(rt2.h S2S 

P-Akt— /MAPK 0/1 + 4o' 1 (4.4) ,014 ! 1 (24A) 01 I 



*Phospho-Akt (P-Akt) and phosphfl-MAPK (P-MAPK.) status wns determined by immunnhislochcmisiry on tumor sections. Tumors that had nuclear P-Aki 
staining. * measure of Akt uctivHlion. were considered positive. For P-MAPK staining, if none of the tumor cells stained, die intensify was 0 (considered negative); 
if more man 10% Otlhe tumor cells stuincd weakly, the intensity was I + (considered negative); if more thnn 10% of the turner cells stained moderately, the intensity 
was 2 t- (considered positive); end if more than 10% of the rumor cells siaincd strongly, the intensity was 3+ (considered positive). 
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0 10 20 30 

Months of survival 

Time to progression, mouths 



No, at risk 
P-Akt-po&ttive 

45 9 I 

P-Akt-nagadve 

51 3 0 

Fift. 1. Time to progression in pjtficiMs with advanced (Hm-emall-cctt lung cancer 
who received gcfilifiih therapy according to the phosphorylation stolus of Akt. 
Phosphorylation status iv:i$ determined on the basis of immunohlstochcmistry on 
rumor sections stained before the patient* received gefitinib therapy. Median 
lime to progression was S„S months (95% CI = _V8 to 7.2 months) Tor patients 
with P-Akr-posiiive rumors imd 2.8 months (V5% CI - Z? to 3.3 inomlu) for 
patients with P-Akt-ncgotivc rumor*. Differences between the two groups were 
evaluated with the lo^-mnk test. 



No. atrisV 
P-Akt-poaitive 

51 tit 4 

P-AkHiftjtative 

54 .13 2 
Kig. 2. Siirvivul rn patients with Advanced non-small -cell lung cancer who 
received ficlilinib therapy according to lh.C phosphorylation status of AkL Phns- 
phoiylntion status determined on the nasi* nf immimonisioehcrnislty on 
tumor sections stained before the patients received gchtinih therapy. Median 
survival was 15.0 month* WS% 01 = 7.4 to 22.r> months) for patients with 
P-Akr-posirivc tumors and 8.3 months (95% CI = 4.8 to 1 1 .8 months) for 
patient* wjrh P-Akt-neyotivc tumors. DiiVcrcnccs between the two groups were 
evaluated with the log-rank test. 



study entry, such as age, sex (male versus female), performance 
status (0/1 versus 2), disease stage (TTI versus TV), smoking 
history (current and former smoker versus never smoker), his- 
tology (adenocarcinoma including bronchioloalv color versus 
other histotypes), P-MAPK status (P-MAPK 0/1+ versus 
P-MAPK 2+Z3 + ), P-Akt status (P-Akt positive versus P-Akt 
negative) in a univariate analysis, and those variables associated 
with statistically significant relationships (sex, perrbnnnnce sta- 
tus, smoking history, and P-Akt status) were included in the 
multivariabk model P-Akt status, smoking history, and perfor- 
mance status were statistically significantly assueiated with risk 
of progression. Patients with P-Akt-posilive rumors had a sta- 
tistically significantly lower risk of disease progression than 
patients with P-Akt-negativc tumors (hazard ratio [HR] = 0.58, 
95% CT = 0.35 to 0.94), whereas patients with a performance 
status of 2 or patients who smoked (current or former) bad a 
statistically significantly higher risk of disease progression (HR 
= 2.65, 95% CT = 1 .33 to 5.27; and HR - 1 .75, 95% CT = 1.08 
to 2.85, respectively). Median survival time was 15.0 months 
(95% CI = 7.4 to 22.6 months) for patients with P- Akr-posirive 
tumors and 8.3 months (95% Cl - 4.8 to J 1.8 months) for 
patients with P-Akt-negative tumors CP = .32) (Fig. 2). Median 
survival limes were similar among patients whose tumors dif- 
fered on the basis of P-MAPK status (P - .96). 



Discussion 

We evaluated the relationship between the efficacy of ge- 
filinib therapy and P-Akt/P-MAPK status in patients with ad- 
vanced NSCLC, and we found that patients whose tumors 
showed activation of the PT.IK-Akt pathway (i.e., whose tumors 
were positive for P-Akt) had statistically significantly better 
response rates, disease control rates, and times to progression. 
Gefitinib is a synthetic anilinoquinazoline tyrosine kinase inhib- 
itor that is selective for the EGFR, Although it could be hypoth- 
esized that EGFR expression is a prerequisite for a response to 
the drug, EGFR expression has not turned out to be useful in the 
selection of patients who respond to gefitinib. Indeed, preclinical 
data suggest that gefitinib sensitivity is not related to EGFR 
expression (30) — a finding that is supported by the fact that 
patients with squamous-cell carcinomas had lower response 
rates than patients with adenocarcinoma, despite their higher 
levels of EGFR expression. Because EGFR preferentially dimcr- 
izes with KER2. and because preclinical data suggested that 
HER 2-overex pressing tumors are more sensitive to gclitinib 
therapy (31), we previously analyzed the association between 
HER2 status and gefitinib activity (32), Although in that .small 
study no association was found between gefitinib activity and 
HER2 expression, the results confirmed thai a small subgroup of 
patients are still particularly sensitive to gefitinib. 

On the basis of previous findings, wc hypothesized that 
response to gefitinib would occur only in patients whose 
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tumors were dependent on sustained activation of the EGFR 
signaling pathways, and only in rbese in whom these path- 
ways were suppressed by the drug. \n this study, wc evaluated 
the two major EGFR signaling pathways (PDK-Akt and 
Ras/Uaf/MAPK). Only the P13K-Akt pathway was statisti- 
cally significantly associated with gefitinib activity. Com- 
pared with patients whose tumors were negative for P-Akt, 
patients whose tumors were positive for P-Akt had a better 
response rate (26.1% versus 3.9%; P = .003) and disease 
control rate (60.9% versus 23.5%; /'<,001). No difference in 
response and disease control rate was observed between pa- 
tients with P-MAPK-negative and P-M/YPK-posilivc tumors. 
Patients whose minors were positive for both P-Akt and 
P-MAPK had better response and disease control rates only in 
comparison with patients whose tumors were negative for 
both markers (P - .01) and not in comparison with patients 
whose tumors were positive for P-Akt but negative for 
P-MAPK.. These findings are consistent with preclinical data 
suggesting that the PT3K-Akt pathway plays a critical role in 
the antitumor effects of gefitinib and that inhibition of the 
MAPK. pathway is not sufficient to mediate response to the 
drug (40). 

Tn two large phase 11 studies evaluating gefitinib, only being 
female and having an adenocarcinoma histology were associated 
with a clinical response (28.29). More recently. Shah et al. (41) 
also reported that, in a multivariate analysis of 140 patients, 
diose patients who had never smoked cigarettes and those wilh 
bronchioloalveolar carcinoma histology were more likely to 
respond to gefitinib. These findings are in agreement with those 
of our study, in which P-Akt status was statistically significantly 
associated with being female (P<.001), never smoking history 
[F = .004), and bronchioloaJvcotar carcinoma histology (P - 
.034). Results from analyses of the time-to -progression data 
support the central role of Akt activation in gefirinib activity. 
Compared with patients whose tumors were negative for P-Akt, 
patients whose tumors were positive fov P-Akt had a statistically 
significantly longer time to progression (5.5 versus 2.8 months; 
P = .1)04). We found no difference in the time to progression 
among patients grouped on the basis of P-MAPK status (P = 
.29). although we noted slight, albeit not statistically significant, 
evidence of a longer time to progression among patients whose 
tumors were positive for both markers compared with patients 
whose tumors were negative for both, markers (P - .05). 

To further investigate the difference in time to progression 
observed among patients whose tumors were positive or nega- 
tive for P-Akt. we performed a planned mu Invariable analysis, 
and only those variables that were statistically significant in the 
univariate analysis (sex. performance status, smoking history, 
and P-Akt status) were included in the model. To ensure that 
only relevant factors were retained in the multi van able model, 
the backward regression technique was used at the 10% signif- 
icance level, Tn the multivariablc analysis, P-Akt status was 
statistically significantly associated with a reduced risk of dis- 
ease progression (TTR = 0.58, 95% CI = 0.35 to 0.94). Impor- 
tantly., after being adjusted for P-Akt status, performance status 
and smoking history remained statistically .significantly associ- 
ated with an increased risk of disease progression (HR = 2.65 
[95% CT = 1.33 to 5.27] and 1.75 [95% O = 1.08 to 2.85], 
res-pectively). and female sex was immediately removed at the 
first step of the backward elimination. These data indicate ihnt 
P-Akt status, performance status, and smoking history are inde- 



pendent factors for disease progression but that being female is 
not when Akt status is considered. These findings do not repre- 
sent a variation in respect to the JDEAt trial results because in 
those studies (28,29), sex was related to response rate and not to 
time to progression. Moreover* the impact of P-Akt was not 
evaluated in the multivariablc model used in the IDEAL trials. 

Although response rate, disease conlrol rate, and time to 
progression were better for 51 patients whose tumors were 
positive for P-Akt than for 52 patients whose tumors were 
negative, two patients among the latter group had major re- 
sponses and 10 patients had stable disease. This finding may be 
explained by the fact that the tumor specimens used for the 
immunohistochcmical assays were generally obtained al the 
time of primary diagnosis and not immediately before starting 
the trial. Preclinical data showed that NSCLC tumors may 
become more dependent on die EGFR signaling pathway, and 
therefore more sensitive to EGFR blocking strategies, as they are 
exposed to different chemotherapies (42,43). This finding may 
also explain the negative results of the TNT ACT trials, in which 
standard chemotherapy plus gefitinib was compared with stan- 
dard chemotherapy alone in previously untreated patients with 
NSCLC (44.45), In our study, only 6.6% of individuals received 
gefitinib as first-line therapy, and in five of those patients* the \ 
PT3K-Akt pathway was not activated (i.e., their tumors were | 
P-Akt negative). Another important finding is that almost 40% % 
of patients with P-Akt-positive tit mors did not benefit from 
gefitinib therapy, Recent data indicate that sensitivity to gefitinib §, 
therapy requires intact EGFR-stimulated Akt signaling activity f 
and that loss of PTEN, a phosphatase that negatively regulates 
Akt by dephosphory kiting it, can lead TO aberrant Akt activation -Jj 
and. finally, to gefitinib resistance (40.46,47). In this study. j? 
PTEN status was not determined., but. a retrospective analysis of 4 
PTEN status in all patients included in this trial is ongoing. | 

No difference in survival was found among any group of % 
patients separated on the basis of Akt or MAPK phosphorylation £ 
status, but survival was not rfae primary end point of the study, 1 
and at the time of this analysis, median follow-up was too short | 
and the number of censored cases too high to detect any differ- | 
ence. Analysis of survival curves docs show a trend that favors .* 
patients whose tumors are positive for P-Akt, and it is possible ^ 
that with longer follow- up a difference in survival outcome 
could be detected. 

Recent reports (48,49) showed that specific missense and 
deletion mulations in the tyrosine kinase domain of the EGFR 
gene arc statistically significantly associated with gefitinib sen- 
sitivity. However, although objective responses were reported in 
up to 18%, and symptomatic improvement in 40% t of the 
unsclected gefiti nib-treated NSCLC patients (28,29). the low 
frequency of these mutations in unsclected U.S. patients (49) 
suggests that other mechanisms could be involved in the re- 
sponse to gefitinib. such as Akt activation. Further studies 
should evaluate the association between Akt activation and 
EGFR gene status. 

Finally, this trial showed that Akt is activated in approxi- 
mately 50% of patients with NSCLC. Our findings are in agree- 
ment with the results of Brognard ct al. (15). who showed that 
Akt is constitutivcly active in many cases of NSCLC, and our 
findings confirm the recent report by Lcc el al. (20). who showed 
I hat tumors in patients with NSCLC freqocntly express phos- 
phorylated Ala, Despite the observation that many patients with 
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"NSCLC express activated Akt. the relationship between Akt 
activation and lung carcinogenesis remains unclear, 

fn conclusion, our findings suggest that genrinib therapy is 
more active in patients with tumors that ore positive for P-Akt 
than in those with tumors that are negative for P-Akt. Further 
prospective studies are needed to evaluate the role of other 
associated markers such as PTRN and to assess the impact of 
previous therapies on Akt signaling pathway. 
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Abstract Bone morphogenetic proteins (BMPs) signaling 
has an emerging role in pancreatic cancer. However, 
because of rhe multiple effects of different BMPs. no final 
conclusions have been made as to the role of BMPs in 
pancreatic cancer. In our studies, we have focused on bone 
morphogenetic protein 2(BMP-2) because it induces an 
epithelial to mesenchymal transition (EMT) and accelerates 
invasion in the human pancreatic cancer cell line Pane- J, It 
has been reported that the phosphatidyl inositol 3-kinasc 
(PF3 KVAVt pathway mediates invasion of gastric and colon 
cancer cells, which is unrevealed in pancreatic cancer cells. 
The objective of our study was to investigate whether 
BMP-2 mediated invasion might pass through the P13K/Akl 
pathway. Our results show that expression of phosphoryla- 
tion of Akt was increased by treatment with BMP-2. but not 
Noggin, a BMP-2 antagonist Then pretreatment of Pane- 1 
cells with LY294002, an inhibitor of the PI3K/AKT 
pathway* significantly inhibited BMP-2-induced EMT and 
invasiveness. The data suggest that BMP-2 accelerates 
invasion of panc-1 cells via the PDK/AKT pathway in 
panc-1 cells, which gives clues to searching new therapy 
targets in advanced pancreatic cancer. 
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Introduction 

Although the management and treatment of patients with 
pancreatic cancer have improved in the last few decades, 
the overall 5-ycar survival rate remains at less than 5%, 
Patients rarely exhibit symptoms before the cancer has 
become locally advanced of metastatic [) t 2], BMPs have 
an emerging role m pancreatic cancer. BMPs belong to the 
transforming growth factor (3 (TGF-fS) superfamily. BMPs 
exert their effects via two different types of serine/threonine 
kinase receptors, BMP typo I (BMPR-1A and BMPR-IB) 
and type TI (BMPR-IT) receptors, BMP receptor type 1 is 
activated upon ligand binding and subsequently phosphor- 
ylates receptor -activated Smad proteins (Smad-1,, Srnad-5 
and Smad-8). The phosphorylatcd Smads then bind to a 
common mediator Smad (Co-smad, Smad-4), translocate 
into the nucleus and activate transcription of target genes 
[3, 4]. BMPs have broad functions including the regulation 
of many Types of normal tissue patterning [5-7] and 
epithelial -mesenchymal interaction in the developmental 
process [8]. More recently, it has been reported that BMPs 
induced EMT and invasion of Panc-1 cells, which was 
related to activation of Smad 1, 5. 8 pathway [9], 

Although Srciads arc critical for BMP family signaling, 
recent data have implicated multiple non-Smad pathways, 
including PT3K/Akt, NF-kB, or RAS/ERK pathways, in 
mediating BMP signaling [10]. ft has been Found thai the 
PI3K/AJa pathway plays an important role in maintaining 
the neoplastic phenotype of pancreatic cancer cells. 
Inhibition of the pathway significantly improved the 
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survival of nude mice bearing pancreatic tumor xenografts 
[1.1,. 1.2]. Increased expression of the P13K catalytic subunit 
genes and an increase in Akt activity has been observed in 
pancreatic cancer cells [13]. Interestingly, which may lead 
ro activation of Akt. was shown to be correlated with 
metastatic pancreatic cancer [II, 14]. Furthermore, activa- 
tion of Akt has been suggested to be associated with 
chcmorcsistancc of aggressive pancreatic cancer [15, 16], 

It has been reported that BMP-2 causes ElvtT and 
accelerates invasion of Panc-1 cells, and more recently, 
two studies observed that BMP-2 accelerates the motility 
and invasiveness of gastric and colon cancer cells via 
activation of the PT3K/Akt pathway [17, 18], but the rnle of 
the PI3K/Akt pathway in invasiveness of pancreatic cancer 
cells induced by BMP-2 has not been fully investigated. In 
the present study, wc explored the role of che PBK/Akt 
pathway in BMP*2-induced HMTand cellular invasiveness. 
Our results suggest that the BMP-2 signaling pathway 
induces metastatic functions of pancreatic cancer through 
the Tecmitinent of the PT3K/Akt pathway. 



Materials and Methods 
Cell Culture 

Human pancreatic cancer cell line Panc-1 was purchased 
from the Institute of Cell Biology, Shanghai. China, and 
cultured in Dulbecco's modified Eagle's medium. The 
medium was supplemented with 4,5 g/L glucose and L- 
glutaminc, 100 IU penicillin, 1 00 mg/mJ streptomycin and 
10% fetal bovine scrum. 

Reagents and Antibodies 

Recombinant human BMP-2 and noggin wcTe purchased 
from R&D Systems (Minneapolis. MN). LY294002 were 
purchased from Calbiochcm (San Diego, CA). Antibodies 
specific for Akt and phospho-Aki, wore obtained from Cell 
Signaling Technology (Beverly, MA). Antibodies specific 
for E-cadhcrin, Slug and (3-actin were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA). 

Western Blotting 

Cells were lysed by the addition of lysis buffer contain- 
ingl50 mM NaCl.50 mM Tris-HCL 1% Nonidet P40, and 
0.5% sodium deoxycholatc. Cell lysatcs were cleared by 
centrifugation at 16,000 rpm, 4°C for 15 min. Cleared 
lysatcs were boiled for 5 min at 100 C after the addition of 
5* sample loading buffer containing t M Tris-HCI 
(pH 6.8), sodium dodcsylsulphatc. glycerol, and bromphc- 
nolblue. The samples were clectrophoresed at 200 V on 
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12.5% polyacrylamide gels and transferred to nitrocellulose 
membranes (Bio-Rad, Hercules, CA), blocked with 5% • 
non-fat dry milk, and incubated with the primary antibody. 
The primary antibodies used in this study were as follows: 
The primary antibodies were as follows: anti-Akt (Cell 
Signaling Technology). anh'-phospho-Akt (Ser 473: Cell 
Signaling Technology), anti-£-cadherin (Santa Cruz 
Biotechnology. Inc.), anti-Slug (Santa Cruz Biotechnology. 
Inc.), anti-fl-actin (Santa Cruz Biotechnology. Inc.). 

Motrigel Invasion Assay 

In vitro invasion assays were performed using 24-well 
Matrigel-coated transwclls (BD Biosciences). 1 *10* cells/ 
well were seeded in the upper chamber, serum -free medium 
containing BMP-2 or control vehicle was added to the 
lower chamber. After 24 h of incubation, non-migrating 
cells were removed from the upper chamber with a cotton 
swab and migrating cells on the underside were fixed and 
stained with crystal violet. The invasing cells were then 
counted by microscopy. All experiments were repeated 
three times. 

Statistical Analysis 

Statistical comparisons were performed by two-tailed 
Student's t test Data are given as the mean ^ SEM. 
Significance was established when / > <0.05. 



Results 

BMP-2 Up-Rcgulatcs Protein Level of the PI3K/Akl 
Pathway in Panc-1 Cells 

To determine whether the PT3K/Akt pathway was involved 
in the BMP-2-mediated cellular response in panc-1 cells, 
wc first compared levels of phosphorylated and non- 
pnosphorylatcd Akt in Panc-l cells treated with BMP-2 or 
control vehicle by using Western blotting. Stimulation with 
BMP-2 led to a significant increase in phosphorylation of 
ser473 in Akt (Fig. la). However, there was no change 
observed in the expression of total Akt, irrespective of the 
presence of BMP-2. To further confirm the effect of BMP-2 
on the expression or kinase activation of Akt> we inhibited 
the BMP-2 pathway by Treating cells with Noggin and then 
performed Western blot analysts for phosphoryJatcd Akt 
As expected, phosphorylation of Alct was markedly reduced 
in cells diat were treated with Noggin when compared with 
cells treated with control vehicle (Fig. 1 a), suggesting that 
BMP-2 signaling plays a critical role in Akt activation. 
LY294002,an inhibitor of the PT3K/Akt pathway, attenuated 
the effect of BMP-2 on the PI3K/Akt pathway. In spite of 
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Fi$. t BMP-2 up-i-cgulfitcs protein level of the PI3K/Akt pathway in 
Panc-1 eclls. (a) Pnnc-1 cells were pictrcatcd with Noggin (5 ^g/m!) 
for 60 min, and then stimulated with BMP-2U00 ng/ml) for 60 min. 
The total protein was harvested far Western blot analysis using 
specific antibodies against p-Akt» Akt, and 0-uctin. *P<0,01, 
compared with cells that were treated with control vehicle. **P< 



0.0 ]. compared with cells that were treated with 6MP-2. (b) Cells 
were pretrcated with 20 jiM LY294002 + DMSO Tor 30 min followed 
by stimulation with BMP-2 for 60 min. Protein extracts were prepared 
for Western blot analysis using specific antibodies against p-Akt and 
Akr. */ , <0.01. compared with cells thar were treated with BMP-2 + 
DMSO 



the presence of added BMP-2, treatment with LY294002 
significantly decreased phosphorylation of Akt fFig, Jb). 

Inhibition of the Pl3X/AVt Pathway Decreases 
BMP-2-lnduccd Invasion in Panc-1 Cells 

BMP-2 has recently been demonstrated to increase the 
invasiveness of pancreatic cancer cells, BMP-2 treatment of 
Pane- 1 cells dramatically increased the invasion compared 
with untreated cells through Mfttrigel [9"|.To determine the 
roles of the PT3K/Akt pathway during BMP-2-induced 
invasion in Panc-1 cells, we examined the effects of 
blocking the PT3K/Akt pathway on BMP-2-induced inva- 
sion. Treatment with LY294002 of Pane-! cells before 



BMP-2 stimulation significantly decreased invasion than 
that compared with cells treated with BMP-2 alone. Taken 
Together, these findings show that the BMP-2 signaling 
pathway modulates the invasion of Panc-1 cells through 
PI3K/AJkt signals. In addition, invasive activity in response 
to LY294002 by Pane- 1 cells treated with BMP-2 was 
blocked (Fig. 2), 

Inhibition of the PT3K/Akt Pathway Attenuates EMT 
Induced by BMP-2 in Panc-1 Cells 

Recent studies have reported that BMP-2 induces EMT, a 
crucial step for cancer invasion and metastasis, in pancre- 
atic cancer cells, To determine the roles of the PI3K/Akt 




BMP-2 + + BMP-2 + + 

LY294002 - - + LY294002 - - + 

Fig. 2 Invasive activity in response TO LY294002 by l>anc-l cells a performance invasion assay." P<0.0 l« compared with cells that were 
rreated with BMP~2 was blocked. Ponc-1 cells treated with LY294002 treated with BMP-2 plus DMSO 
(20 p^f) in the presence of BMP-2 (1 00 ng/mt) were then evaluated in 
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pathway during BMP-2-induccd EMT in Panc-1 cells, we 
examined the effects of blocking the ?I3K/Akt pathway on 
BMP-2- induced EMT. Panc-1 cells were pren-eated w ' tn 
LY294002 before BMP-2 stimtdalion and Western blotting 
for E-cadherin and Slug was performed. We found that 
decreasing levels of expression of E-cadhcrin protein by 
BMP- 4 was completely reverted in Pane- I cells when the 
P[3K/Akt pathway was blocked by LY2940O2 (Pig. 3). 
Similarly, pretreattnent with LY294002 also blocked Slug 
expression that results from BMP-2 stimulation (Fig. 3). 
Collectively, these findings strongly suggest that the PI3K/ 
Akt pathway is involved in the EMT response to BMP-2. 



Discussion 

Recently, several studies hove suggested that BMP signal- 
ing plays a role in the control of The invasiveness of 
pancreatic cancer cells. For example, Gordon et al. [9] 
reported that BMP-2 and BMP-4 is highly overexpressed in 
human pancreatic cancer and stimulates tumor growth and 
motility in Panc-1 cells. Hamada et al. [19] also demon* 
strated that the BMP signaling pathway modulates EMT, 
resulting in enhancement of invasion, in Panc-1 ceils. 
Although these reports demonstrated the role that Srnad 
pathway plays in invasion of pancreatic cancer cells, little is 
known about that PDK/Akt pathway regulation plays on 
BMP-2 induced metastatic behavior of pancreatic cancer 
cells. The PT3K/Akt pathway is a major cascade stimulating 
cell migration and invasion in various human cancers [20- 
22]. Moreover, the P13K/AJct pathway has been shown to 
be activated by BMP-2 [23]. Several groups have found 
that the PI3K/Akt pathway is correlated with the acquisition 
of migratory and invasive capabilities by BMP-2 [17, 18]. 
To better understand the molecular mechanism by which 
BMP-2 promotes invasion of Panc-1 cells. Firstly, we 
examined that in this study using recombinant human 
BMP-2 to activate the PT3K/Akt pathway in panc-1 cells. 
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Our results showed that Stimulation with BMP-2 led to a 
significant increase in phosphorylation of ser473 in Akt. 
which was blocked by LY294002. Then, using matrigel 
invasion assay, we observed that increasing invasive 
capability of Panc-1 induced by BMP-2 was recovered. 
These findings suggesting that the PI3K/Akt pathway is 
involved in the invasion response to BMP-2. 

EMT. a complex process that leads to loss of epithelial 
morphology and gain of an invasive fibroblast-likc mesen- 
chymal phenotype, is a crucial step for cancer invasion and 
metastasis in various cancer cell [24-2 7], EMT is often 
associated with a decrease or loss of epithelial markers, 
E-cadhcrin. and a gain of mesenchymal markers. Slug, 
which is known to repress expression of the E-cadhcrin 
gene. Recent studies have reported that BMPs induces 
EMT in pancreatic cancer cells and this contributes to 
increased invasiveness [1 9]. To further confirm the role of 
the PI3K/Akt pathway in BMP-2 induced invasion of 
Pane- 1 cells, we demonstrated that blockage of the PI3K/ 
Akt pathway by the PI3K inhibitor, LY294O02, attenuates 
Panc-tcells responsive to BMP-2 mediated EMT, indicating 
that the PT3K/Akt pathway modulates BMP-2 signaling in 
pancreatic cancer invasion. Interestingly, It has been 
founded that the activation of PI3K signaling pathways 
was not detected in BMP-4 treated panc-1 cells. Therefore, 
to understand this difference of BMP-2 and BMP-4 in 
pancreatic cancer., further studies will be needed. More 
recently, Kang MU ct al. [17, 18] demonstrated that BMP2 
promotes the invasiveness of gastric and colon cancer cells 
via activation of the PT3K/Akt pathway, which is highly, in 
accordance with our findings. 

In summary. BMPs signaling has an important role 
in pancreatic cancer. Based on our data, we suggest that 
BMP-2-induccd EMT and invasiveness of Panc-1 cells is 
accomplished by activation of the P13K/Akt pathway and 
the precise mechanism is yet to be further defined., which is 
relevant to our investigation of therapeutic molecular 
targets to Pancreatic cancer. 
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common breast cancer mutations. MBCs showed unique DNA copy number aberrations compared 
with common breast cancers. PIK3CA mutations were detected in 9 of 19 MBCs (47.4%) versus 80 
of 232 hormone receptor-positive cancers (34.5%; P - 0.32), 17 of 75 //£*-2-positive samples 
(22 7%; P - 0.04), 20 of 240 basal-like cancers (8.3%; P < 0.000 1 ), and 0 of 14 claudin-low tumors 
{P - 0.004). Of 7 phosphatidylinositol 3-kinasc/AKT pathway phosphorylation sites, 6 were more 

> hl S Il] y Phosphorylatcd in MBCs than in other breast tumor subtypes. The majority of MBCs displayed 

> mRNA profiles different from those of the most common, including basal-like cancers. By 
transcriptional profiling, MBCs and the recently identified claudin-low breast cancer subset 

o: constitute related receptor-negative subgroups characterized by low expression of GATA 3 -regulated 

s genes and of genes responsible for celj-cell adhesion with enrichment for markers linked to stem cell 

gi function and epithcliai-to-mescnchyrnal transition (EMT). Tn contrast to other breast cancers, 

c claudin-low tumors and most MBCs showed a significant similarity to a "tumorigenic" signature 

g defined using CD44VCD24 breast tumor-initiating stem cclMike cells. MBCs and claudin-low • 

W*. tLiniars are thus enriched in EMT and stem cclWike features, and may arise from an earlier, more 

che ™resi$tant brea5L epithelial precursor Chan basal-like or luminal cancers. PFK3CA mutations, 
EMT, and stem cell-like characteristics likely contribute to the poor outcomes of MBC and suggest 
novel therapeutic targets. 



Introduction 



Metaplastic breast cancers (MBC) are aggressive estrogen receptor-a-negative, progesterone 
^ receptor^negative, HER-2-ncgative (triple-negative) rumors characterized by mesenchimal/ 

> sarcomatoid and/or squamous metaplasia of malignant breast epithelium (1-7). Because of 

> limited understanding of their pathogenesis, MBCs are treated in the same fashion as basal- 
c like or triple receptor-negative ductal cancers, However, whereas neoadjuvant chemotherapy 
0 is associated with high pathologic complete response rates in basal-like carcinomas, MBCs are 
;g usually chemorcsi stan t (2). 

3 Transcriptional profiling has defined breast cancer subtypes (8,9). The origin of luminal A and 

a> B tumors appears to be the mammary duct luminal epithelium with concomitant hormone 

=• receptor expression. Elevated HER-2 expression defines a subgroup with a poor prognosis; 

:~ however, the responsiveness of this subgroup to trastuzumab improves outcomes (10). In ' 

contrast, basal-like cancers likely represent multiple different subtypes arising from distinct 
precursor cells from those of other cancers. Some basal-like breast cancers likely arise from 
mammary myoepithelial cells. To date, basal-like cancers have not presented specific therapy 
targets. 

^ As MBCs are triple-negative, they are distinct from luminal and /-/EJ?-2-am P lifred cancers. As 

£ they express some markers associated with basal-like cancers (e.g., epidermal growth factor 

E receptor and cytokeratins 5/6), MBCs are proposed to represent a form of basal-like breast 

? cancer ' However, distinct clinical features such as chemoresistance suggest that MBCs may 

^ represent a unique subtype (2,3). 

c 

Er Wc applied an integrated genomic-proteomic approach to determine mechanisms underlying 

2,' metaplastic carcinogenesis and MBC chemoresistance along with the relatcdness of MBCs to 

§ krmwTl brcast canc<3r subtypes. Most MBCs showed a unique molecular profile and form a 

3 distinct subtype most closely related to a novel subset of receptor-negative breast cancers 

* (claudin-low) characterized by loss of genes involved in cell-cell adhesion. An enrichment for 
2: cell-like and epithelial-to-rnesenchymat transition (EMT) markers in MBCs (and claudin- 

* ,ow tumors ) along with frequent genomic aberrations that activate the phosphatidylinositol 3- 

kmase (PI3K)/AKT pathway suggest reasons for MBC chemoresistance and that MBCs and 
c/audin-Jow tumors may arise from more immature precursor cells than other breast cancers. 

Concer Rex. Author manuscript: available in PMC 20! 0 Mny 15. 
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Materials and Methods 
Human tumors 

Twenty-eight frozen grade 3 MBCs with sarcomatoid (1 9) or squamous (9) metaplasia were 
obtained from the Breast Tumor Bank at The University of Texas M. D, Anderson Cancer 
> Center (MDACC) and from a collaborator in Valencia (A.L.). The diagnosis was reconfirmed 

;> by pathologists at MDACC (M.Z.G. and S.K.; refs. 2,3). Frozen tissue was used for DNA 

extraction (28 tumors) and, where adequate frozen tumor tissue remained, for RNA and protein 
extraction (16 MDACC tumors; ref J 1). 



X 



. a). Three tumor cohorts were used for comparison with MBCs (Supplementary Fig. SI). The first 

j2 cohort, used for comparison of mutation frequency (547 tumors) and functional protcomic 

co profiles (693), was composed of 693 frozen primary breast tumors obtained under institutional 

ig- review board-approved protocols from MDACC. These tumors were subdivided into clinically 

"T*- defined subtypes as described previously (Table I; rcf. 12). 

A second cohort of 1 45 primary breast tumnrs was used for comparison with MBC gene copy 
number profiles herein (13,14). A third cohort (Lineberger Comprehensive Cancer Center) of 
1 54 breast tumors and 9 normal breast tissues was used for comparison with MBC 
transcriptional profiles (8,9, 15). There were no statistically significant differences in the 
^ proportion of patients with tumors of different stages between the cohorts. 



1 



— r 



Comparative genomic hybridization 



■a: 
•i . 

J> Comparative genomic hybridization profiles from the 28 M BCs were generated at Lawrence 

j£ Berkeley National Laboratory using single nucleotide polymorphism (SNP)-based GencChip 

5r ' Human Mapping 50K Sty arrays (Asymetrix) and compared with BAC-comparati vc genomic 

hybridization profiles of primary breast tumors previously generated and processed (J.F.) at 
g Lawrence Berkeley National Laboratory using Hum Array L14/Hum Array 2.0 (13,14,16-18), 

S> MBC 50K data are available. 12 

:G 

CV For comparison with Lawrence Berkeley National Laboratory tumors, the 28 MBC SNP chips 

-5'. we re mapped to BAC resolution, This approach has been validated by comparing data derived 

; • using both platforms to analyze breast cancer cell lines (data not shown). Lawrence Berkeley 

National Laboratory tumors were remapped to the May04 freeze from University of Califomia- 
Santa Cruz and regions around each BAC clone were defined as within a half distance to each 
neighboring clone or to the beginning or end of the chromosome if telomeric. A median 
expression value was then obtained for SNPs in each BAC region. Missing values were 
assigned if <5 SNPs mapped to a particular region. Each array was recentcrcd to have a median 
Z . of 0. The resulting values were segmented using circular binary segmentation (CBS) followed 

X by a merge-level procedure to combine segmented levels across the genome. Each missing 

. "TJ value was assigned the value of its corresponding segment. Gain/loss events and fraction of 

£ genome altered were calculated. After this resolution reduction (median, 18 SNPs/BAC; mean, 

30), the mean variability estimate was 0.25. Similar analyses beginning with the CBS steps 
were done on the original dChip processed data. We used a Fisher's test to measure the 
difference in copy number at probes on each side of genes encoding PT3K/AKT pathway 
components. These P values were used to fit a P-uniform mixture model to determine 
significance at a given false discovery rate. 



1 2 ftp://bctmiish. Ibl.gov/njwang/ 

Cancer Res. Author manuscript' available in PMC 2010 May 15. 



PAGE 101/141 1 RCVDAT 12/612011 9:52:30 AM [Eastern Standard Time] * SVfcWf TOFAX-OOIM* DNIS:2738300 1 CS1D:1 2038706002 * DURATION (mm-ss):69-24 



12/06/2911 10:51 



1203870&002 



COLEMAN SUDOL SAPONE 



PAGE 99/99 



Z 

> 

c 



Z 



Henncssy ct al. 

Page 4 

To directly compare the SOK SNP and older BAC platforms, DMA extracted from five MBCs 
was also run using the BAC platform. This confirmed a high concordance for the matched data 
derived from the two platforms (data not shown). 

Detection of mutations 

DNA was extracted from 547MDACC breast tumors along with 14 Lineberger Comprehensive 
Cancer Center claudin-low breast tumors and 1 9 MBCs with sufficient remaining DNA for 
mutation detection (9, 11,12). Following whole-genome amplification, P 53/PTEN genes were 
resequence*! (19). CTNNB1 exon 3 (the most common site of mutations) was amplified from 
genomic DNA using a forward primer located at the 5' portion and a reverse primer at the 3' 
end of the exon. A tumor sample with alcnown CTNNBI mutation wasamplified and sequenced 
c in parallel with tumor samples as a positive control. A SNP-based approach (Sequenom 

S. MassArray) was used to detect mutations in PIK3CA, KRAS, and E17K mutations in the 

Xi i* T1/m gcnes ( 1 2 ' 20) - This a PP r <» c h '« unsuitable for detection of mutations that are not 

"hotspof mutations but is particularly suitable to mutation detection in breast cancer where 
stromal "contamination" is prevalent (21). 

Reverse-phase protein array 

Reverse-phase protein array was applied with the antibodies in Supplementary Table SI to 
^ compare PI3K/AKT and mitogen-activated protein kinase (MAPK) pathway activation in 

~ protein h/sates derived from 1 6 MBCs versus 693 common breast cancers (Supplementary 

Table S2; reft. 22-25). The expression of each antibody in a sample was corrected for protein 
> loading using the average expression levels of all probed proteins. Antibodies were obtained 

>' from SDI ( YB 1 )• Epitomics, Inc. (p70S6K, PR), Lab Vision Corporation (ERo), Santa Cruz 

.§ Biotechnology (CCNDT, CCNEI, EOFR, GSK.3. p27), Upstate Biotechnology (Src) and Cell 

o Signaling Technology, Inc. 

5g». 

5" Transcriptional profiling 

c Total RNA was isolated by phenol-chloroform extraction (Trizol. Life Technologies), and 

S. mRNA was punfied b * either magnetic separation using Dynabeads (Dynal) or the Invitrogen 

"S FastTrack 2.0 Kit. Twelve of 1 6 MBC RNA samples with RNA integrity numbers > 6 were 

assayed on Agilent oligomicroarrays at Linebergcr Comprehensive Cancer Center and 
compared with a published Agilent microarray data set also previously assayed and processed 
(C.M.P.) at Lincberger Comprehensive Cancer Center (8,9,15). The microarray and clinical 
. y data available at University of North Carolina Microarray Database and in the Gene 

Expression Omnibus (GSE10S85). Expression Analysis Systematic Explorerwas applied to 
perform functional analysis of gene lists. 

5p- Mapping gene expression onto regions of MBC copy number change 

5 Usin S a s 'g nif wance Analysis of Microarray (SAM)-dcfined list of MBC-defining genes, we 

> determined the chromosomal location of each gene to link with the comparative genomic 

^ hybridation data. Probes with an undefined chromosomal position were discarded from 

o. : ™ rtI ' er ana| y se s. CBS was applied to the preproccssed MBC copy number data to determine 

^ breakpoints for aberrations (26). The CBS calls made were as follows: class.segmcnt <- 

foment (class.cna, a = 0.05, p.mcthod = "perm," nperm = 1,000, trim = 0.05, undo.splits = 
| sdundo > undoSD - 2 » ver bosc - 2). Using CBS output, a plot of segment intensities versus 

Q segment markers was used to determine an intensity boundary threshold of 0.12 Segments 

o- ™ ,th intensi *y va,ues beyond *is threshold were flagged as gained or lost based on the sign of 

- intensity and parsed from the original CBS output. By applying a customized R script to this 

output, segments from each sample were collated and regions were assigned that had varying 
levels ofoverlap between the MBC patients. Cutoffs were made for regions with aberration^ 

Cancer Res. Author manuscript: available in PMC 2M0 May 1 S. 
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in>l of 3 of MBCs tested. SAM genes with chromosomal locations thai were contained within 
these gains and losses were determined and plotted. 

:= Comparison of the MBC and claudin-low transcriptional profiles with a CD44*/CD24-' row 

^ breast cancer cell profile 

>> We compared breast tumor transcriptional signatures with a 'tumorigenic" signature 13 that 

^ was derived by comparing gene expression profiles of flow-sorted CU44 4 7CD24~ /low cancer 

cells with profiles of all other sorted cells (CD44"/CD24 + and C044 _ /CD24" combined). For 
Sj each tumor, a "R value" was derived in relation to the "tumorigenic" signature, which was 

g defined as the Pearson's correlation between the "tumorigenic" gene signature pattern (using 

5}. W 1 M and "H" for up and down, respectively) and tumor expression values. Tumors with high 

c R values would tend to have both high expression of many of the genes high in 'tumorigenic" 

o cells and low expression of many of the genes low in "tumorigenic" cells (and vice versa for 

o" tumors with low R values). 

Statistical analysis 

R 14 and "NCSS/PASS software were used, Reported P values arc two sided, ANOVA and / 
tests for gene expression data were done using SAS. For clustering, we used CLUSTER and 
TREEVTEW (University of Glasgow) softwares. 



X 
i 



X 



3= 
o 



Results 



^. MBCs possess patterns of DNA copy number gains and losses that are distinct from those 

^ in common breast cancers 

"S MBCs showed a high level of genomic instability based on fraction of the genome altered and 

O number of. transitions. However, MBCs showed a unique set of aberrations compared with 

common breast cancers (Fig. 1; refs. 13,14), Specifically, gains of distal chromosome [p/5p 
CD ] r and loss of 3q were common in MBCs but rare in other breast cancers (1 3 t 14). Conversely, 

c alterations that occur in most breast cancers, such as gain of chromosome lq and loss of I6q> 

o were uncommon in MBC (1 3, 14). In particular, compared with basal-like tumors, MBCs 

$ exhibited more frequent amplification of lp/1 Iq/t2q/14q/l9p/l9q/22q and increased 

:r * frequency of loss at lq/2p/3q/8q. Tlierewas retention of 5q/9q/l5q/16p/17p/l7q/19p/19q/20q/ 

. . 22q compared with basal-like tumors, Overall, MBCs did not display similar alterations to 

" basal-like cancers and showed substantial differences from common breast cancers, compatible 

with MBCs representing a distinct subgroup. 

MBCs possess distinct patterns of somatic mutations from basal-like breast cancers 

PIK3CA mutations were detected in 9 of 19 (47.4%) MBCs compared with 80 of 232 (34.5%) 
hormone receptor-positive cancers {P = 0.32), 17 of 75 (22.7%) HER-2-amp\[fycd samples 



rv , w .v,T^ vntiwid v v.^j-j, w ui t j \£t£». / sqj /7Crt-^-Hmpiinca samples 

J (P = 0.04), 20 of 240 (3.3%) triple-negative cancers (/> < 0.0001), and 0 of 14 claudin-low 

tumors (P= 0.004; Table l;ref. 12). The PIK3CA mutation frequencies in the common subtypes 
j|* are compatible with those frequencies reported in the literature, with the exception of that in 

' ciaudin-low tumors, which has not been reported (27). One PTEN mutation was detected in a 

MBC (5%) that did not have a PIK3CA mutation. p53 mutations were detected in 6 of J 9 (32%) 
|*. MBCs. No mutation in exon 3 of CTNNB1 was detected in 19 MBCs. 

3 

<£ ' Strikingly, therefore, 10 of 19 (53%) MBCs showed P13K/AKT pathway mutations. This was 

§.* significantly different from the mutation rate in triplc-negative/basal-likc cancers in particular. 



j^Crcighton ct at,, submitted for publication, 
3 4 http://cfan.r-projccr, org 
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Further, other PT3K/AKT pathway genomic aberrations were more frequent in MBCs, Based 
on two SNP probes closest to each end of genes encoding PI3K/AKT components, AKT1 
: (chromosome 1 4). AKT2 (chromosome 1 9), and RPS6KB 2 (pi 0S6K, chromosome 1 1) showed 

= more frequent copy number gain (Fisher's exact test, P < 0.05 at a I % false discovery rate) in 

i MBCs compared with other subtypes. This was also supported at the protein level using 

^ reverse-phase protein array data (Supplementary Table S2). Thus, PI3K/AKT pathway 

aben-ations likely play a major role in MBC pathophysiology, further suggesting that MBCs 



c 

•o 



=<rt 



s 



and basaMike tumors are distinct. 



PI3K pathway activation in MBC 



§ . The high frequency of genomic aberrations in P13 K/AKT pathway genes implicates this 

c pathway in MBC pathogenesis. This pathway has already been implicated in breast cancer 

q resistance to multiple therapies (28-30). Using reverse-phase protein array, phosphorylation 

Tj£. of mo9t core PI3K/AKT pathway proteins was elevated in MBCs compared with at least one 

other breast tumor subtype (Fig. 2), with the exception of phosphorylated p?0S6K. The most 
likely explanation for the latter discrepancy is phosphorylation of p70S6K by kinases other 
than core P13K/AKT pathway kinases (3 1,32). Overall, however, key P13 K/AKT pathway 
components are generally more highly phosphorylated in MBCs than in most other breast 
tumors, which parallels the results of the genomic analyses and could contribute to the poor 
outcomes associated with MBC (Supplementary Fig. S2). 



X : 0nl y glycogen synthase kinase 3 phosphorylation was higher in MBCs possessing mutant 

"XJ : versus wild-type PIK3CA/PTEN genes (P = 0.01). The failure to show an association between 

3> PI3K/AKT pathway mutations and activation is potentially due to the small number of tumors 

analyzed. However, alterations in PI3K/AKT pathway activation by processes independent of 
mutations, by other interacting pathways, or by signaling modulation through feedback loops 
^ may have prevented identification of statistically significant associations (33). Compatible with 

S thc latter contention, we have shown previously that PJK2CA mutational status is not correlated 

^ ' with AKT phosphorylation in hormone receptor-positive breast cancers or cell lines (12). 

o. We also quantified expression and phosphorylation of several P 13 K/AKT pathway-activating 

% and pathway-related proteins (Supplementary Table S2). Epidermal growth factor receptor 

~ expression was lower in MBCs compared with other breast cancer subtypes. HER-2 levels 

were also significantly decreased in MBCs relative to hormone receptor-positive, triple- 
negative, and, in particular, HER-2-positive tumors. Cyclin El, a P13 K/AKT pathway target, 
was present at higher levels in MBCs compared with hormone receptor-positive and HER-2- 
positive tumors (P - 0.0005 and 0.02, respectively; refs. 34,35). Thc Y box-binding protein I 
(YB1) has been implicated in chemorcsi stance and is located in the chromosome lp amplicon 
2 in MBC (Fig. I ; ref. 36). Indeed, YB1 was more frequently amplified (at 1% false discovery 

2E' rate) in MBCs than in other tumors, and YB1 protein expression was also higher in MBCs. 

i- 

£ MBC transcriptional profiles are distinct from those of basal-like breast cancers and related 

to those of claudin-low breast tumors 

gf . On unsupervised hierarchical clustering, the majority of MBCs displayed markedly different 

mRNA profiles from those of most common breast cancers including basal-like cancers (data 
|f not shown). To explore the relationships between MBCs and the intrinsic breast cancer 

~' subtypes, 1 2 MDACC MBCs were compared with 1 84 breast tumors and 9 normal breast 

samples by hierarchical clustering using a combination of four intrinsic gene lists (8,9, 1 5,37). 
MBCs were somewhat heterogeneous in this analysis (Supplementary Fig. S3). Two MBCs 
clustered with basal-like tumors, two with a novel subtype of receptor-negative tumors that is 
characterized by loss of a cluster of genes that encode proteins involved in cell-cell adhesion 
(claudin-low tumors), two clustered within the normal-like group, and six formed a novel 

Cancer /?e.?. Author manuscript: available in (>MC 20IO May IS. 
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subgroup with characteristics intermediate between those of basal-like and claudin-low tumors 
(Supplementary Fig. S3). 



To assess the significance of this clustering pattern, we applied "SigClust" to test the null 
hypothesis that any group of samples contained within a common dendrogram branch 
J constitutes a single group (38). This analysis showed that the dendrogram branch containing 

^ six MBCs, along with some previously assayed tumors, represents a distinct group. On 

C reanalysis of the histology of the latter tumors, four showed metaplastic and/or spindloid 

5 features compatible with the tumors representing MBCs ^Supplementary Fig. S4). Further, 

~ mouse mammary tumors that are similar to human claudin-low tumors show a spindloid 

morphology (9). 



03 



a) The gene set that defines claudin-low and MBC tumors (Supplementary Fig. S3C) was 

3. determined by Gene Ontology analysis to be enriched for the terms tight junction, intercellular 

junction, apicolateral plasma membrane, and cell junction, Of 29 claudin-low cluster gene?, 
13 arc positively regulated by GATA3 and none by estrogen receptor-a (hypergcornetic mean 
analysts, P < 0.01 ; ref 39). In addition to lacking genes involved in cell-cell adhesion and 
polarity, MBCs and claudin-low tumors lack luminal genes including GATA3 (Supplementary 
Fig. S3f) and HER-2 and show inconsistent expression of genes associated with basal-like 
tumors (Supplementary Fig. S3D). t tests confirmed that the expression of the claudin-low 
• cluster of genes (Supplementary Ffg. S3Q was lower in MBCs versus other breast cancers 

(Supplementary Table S3). 

znz 

MBCs and claudin-low tumors express high levels of stem cell and EMT markers 

^ . SAM was used to identify a MBC versus common breast tumor expression signature (40,4 1). 

'g£" This analyses resulted in 556 up and 373 down genes, with a false discovery rate of <l gene 

(Supplementary Table S4). Almost 33% of the "SAM up" and 50% of the SAM down genes 
mapped to regions of copy number aberration (see below). In a Gene Ontology analysis using 
Expression Analysis Systematic Explorer, the top six enriched biological processes in the "up" 

c gene list were cell communication, cell adhesion, signal transduction, cellular process, cell* 

ft! cell adhesion, and intracellular protein transport, whereas protein transport, intracellular 

"o transport, transport, male mciosis, and ubiquitin-dependent protein catabolism were enriched 

in the "down" gene list (40). The claudin-low gene cluster showed a statistically significant 
overlap with the SAM-defined "down" genes (15 of 29 genes; hypergeometic mean analysis, 
P < 0,00 1 ). Genes near the top of the MBC "up" list that have been previously impl icated in 
carcinogenesis included ALK, crystallin y, and the master regulator of EMT, TWIST! (42- 
45). 

2S- Breast cancers are thought to contain a minority population of tumor initiating/stem cell-like 

PC ; cells with high CD44 but low or undetectable levels of CD24 (CD44"7CD24~); these cells have 

-jj higher "tumorigenic" capacity than other purified papulations of turn or- derived cells (46). 

»P. Their phenotype and the low responsiveness of MBCs to chemotherapy suggest that MBCs 

niight possess stem cell-like characteristics. Indeed, MBCs had markedly elevatcdCD44/CD24 
and CD29/CD24 ratios compared with other breast cancers, with the exception of claudin-low 
v tumors (Fig. 3). This "electronic stem cell signature" is also differentially expressed between 

^ fluorescence-activated cell-sorted human breast tumor-initiating cells and normal breast 

^ epithelial cells (Supplementary Fig, S5; refs. 46,47), 

c . 

Q,. EMT is characterized by the up-regulation of vimcntin and of E-cadhcrin repressor molecules 

6' (snail/slug/twist) with down-regulation of E-cadherin and other cell adhesion molecules (45, 

~ 48,49). These events occur in MBCs and claudin-low tumors (Fig. 3; Supplementary Table 

S3). Tn MBCs, TfVfSTJ and snail homologuc 2 (SNA/2/SL UG) were expressed at high levels, 
whereas SNAI3 was overexposed in claudin-low tumors. Thus, claudin-low tumors and 



> 
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MBCs may be enriched for .stem cell-like and EMT markers, features that may contribute to 
poor patient outcomes (Supplementary Fig. S2; refs, 2,3). 

5 Genes that are altered at the genomic and transcriptional levels in MBC 

Three hundred six genes (Supplementary Table S5) in the SAM-dcrivcd MBC transcriptomc 

> localized to areas of chromosomal gain and loss in at least 33% of MBCs (Supplementary Fig. 

;> SGA and B). Thus, these genes show coordinate changes at the DNA and RNA levels in MBC, 

5 Functional analysis of these genes (Supplementary Tables S6 and S7) showed that, among 

5 genes that are amplified and overexpressed in MBCs, components of three major branches 

2 ( JN K, MARK, and p38) that compose the MAPK signaling pathway are significantly 

3 ovcrrepresented in MBCs. Compatible with this finding, phosphorylation of three of four 
g. assessed protein components of these pathways [JNK (P = 0.06), MEK (P = 0.003), and p3S 
£> ' ( p - 0.0008) but not ERKI/2 (P = NS)] was higher in MBCs versus all other breast cancers 

Comparison of the MBC and claudin-low transcriptional profiles with a CD44 + /CD24" /low 
breast cancer cell profile 

Given their enrichment for stem cell markers, we compared the transcriptional signatures of 
MBCs and other breast cancers with a "tumor igenic" signature 1 3 that was derived by 
comparing gene expression profiles of flow-sorted CD44 + /CD24" /,0W breast tumor cells with 
profiles of all other sorted cells (CD44"/CD24 + and CD44-/CD24"). In contrast to other breast 
cancers, except for tumors of the "claudin-low" subtype, most of the MBCs showed a clear 
ST association with the "tumorigenic" signature (Fig. 4). Further, of 373 and 21 7 down-regulatcd 

>' genes in the MBC and "tumorigenic" signatures, respectively, there were 29 shared genes 

;> (Supplementary Table S8;/>- I * 1 0" 15 for the overlap); 5 of these 29 genes were components 

■ = of the claudin-low gene cluster. In addition, as has been shown with the claudin-low signature, 

. o". * the MBC signature is enriched in post-docetaxel and post-Ietrozolc treatment specimens 

g : (Supplementary Fig, S7). These data collectively suggest that, at.diagnosis, MBCs and claudin- 

fi> ' low tumors possess transcriptional features that are enriched in highly purified breast tumor- 

Is • initiating and chern ©resistant breast cancer cell fractions (50), the latter also compatible with 

v> an enrichment for stem cclMike activity. 

# 

Discussion 

MBCs are aggressive, chemoresistant tumors associated with poor outcomes (2,3). Although 
[ :' ' uncommon, MBCs account for several hundred new breast cancer cases every year in the 

• United States, thus representing a therapeutic dilemma for oncologists, With only retrospective 

case reviews as a basis for making recommendations, ft has not been possible to define therapy 
guidelines. Thus, we sought to determine the relationship of MBCs to common breast cancers, 
^ particularly basal-like breast cancers given the common assumption that MBCs are basal-like 

^. cancers. We also sought to determine whether the underlying pathophysiology of MBCs would 

• result in the identification of new drug targets. 

■> 

£. Supplementary Fig. S8 summarizes the features of MBC defined in this study that have 

■g" potential clinical and therapeutic utility. Due to low expression of hormone receptors and 

? HER-2 as well as expression of some basal epithelial markers, MBCs have been proposed to 

represent a form of basal-like breast cancer (4), However, based on the integrated analyses 

^ herein, most MBCs likely represent an independent subtype that is distinct from basal-like 

g • cancers. Their transcriptional profiles are most closely related to claudin-low cancers, a novel 

% subgroup of receptor-negative breast cancers that are clearly different from basal-like' cancers 

(Supplementary Fig. S3). Comparative genomic hybridization profiles, their enrichment for 
stem cell-Hkc markers, and their PI3K/AKT pathway activation status also differentiate MBCs 
from basal-like cancers. MBCs, like claudin-low cancers, express high levels of EMT markers 
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and show elevated CD44/CD24 and CD29/CD24 ratios, which have been proposed to represent 
breast cancer stem eel Mike markers (46). Indeed, a recent study detected a direct and causative 
link between EMT and the gain of epithelial stem ceil properties (51). These features likely 
contribute to the lineage plasticity of MBCs on light microscopy and to their limited 
chemoresponsiveness (2,3). Claudin-low features, including EMT and stem cell-like 
£ properties, also potentially contribute to the aggressive phenotypc of MBCs. This is supported 

y, by the significant overlap between the M.BC signature and the "tumorigenic" signature, 1 3 with 

g. overlapping genes including five of the claudin-low genes (Supplementary Fig. S3C). The 

q MBC, the <4 tumorigcmc " and the claudin-low signatures are all enriched in residual post- 

Z treatment chemoresistant breast tumors. Thus, MBCs and claudin-low breast tumors may arise 

to from a more primitive and chemoresistant "stenT cell than luminal or basal-like tumors. 

'c 

v> The pattern of chromosomal gains and losses in MBCs is distinct from that in other breast 

.g. cancers including basaMike cancers. This unique pattern suggests that the processes underlying 

H«5?£ metaplastic carcinogenesis arc distinct from those associated with other breast cancer subtypes. 

MBCs show a high frequency of mutation, amplification, and activation of PI 3K/AKT pathway 
components. This is markedly different from basal-like breast cancers, where we and others 
have shown that PI3KMKT pathway genomic mutations are uncommon (1 2,27). 15 We also 
did not detect P!K3QA mutations in 14 claudin-low breast cancers pointing to differences 
between claudin-low breast cancers and MBCs. The frequency of PIK3CA and PTEN 
mutations combined with amplification of AKTand p70S6K suggests that PI3K/AKT pathway 
activation is critical tometaplastic carcinogenesis. Activation of this pathway, along with 
enrichment for tumor-initiating/stem cells, may underlie the chemoresistancc and poor 
3fc... outcomes associated with MBC (28-30). MBCs also show a high frequency of amplification, 

5> over expression, and activation of MAPK pathway components. As particularly important 

genes and targets in cancer are likely to be aberrant at the level of the genome, transcriptome, 
O and proteome, the PI3K/AKT and MAPK pathways are therefore potentially attractive therapy 

. ^ targets in MBC. As inhibitors of the PT3K/AKT and MAPK pathways are now in clinical trials, 

a> it will be of interest to determine whether these inhibitors will sensitize MBCs to cytotoxic 

c . drugs (52). As there are no MBC cell lines or animal models available, it will be necessary to 

g develop a consortium approach to test this hypothesis in patients. 

~ In contrast to a recently published study, mutations in exon 3 of CTNNBJ were not identified 

in 19 MBCs in our study (53). This may in part relate to the fact that our study was restricted 
to high-grade MBCs, whereas the previous study included a significant proportion of lower- 
grade MBCs, tumors that behave in a less aggressive fashion than high-grade MBCs, 

This study has several potential limitations. Although a subset (6 of 12, 50%) of MBCs 
_ constitute a significantly related group of tumors as defined by SigClust, it is clear that MBCs 

_ form a somewhat heterogeneous group of receptor-negative breast cancers in terms of their 

molecular characteristics. Just as breast tumors that are defined as ductal are clearly 
> heterogeneous based on receptor status and transcriptional profiling, it is not surprising that 

j> MBCs represent a molecularly heterogeneous group. MBCs are microscopically 

£ heterogeneous, with this study being limited to tumors with squamous and sarcomatoid 

o metaplasia ( 1 -7). The rarity of MBC precluded analysis of other histologic variants. In addition, 

^ it is possible that MBC represents multiple different diseases. However, there were no clear 

CD • correlation between the pattern of gene copy number change and the histologic appearance of 

the tumors analyzed. 



!0 



3 
C 



The major conclusions of this article are (a) MBCs are molecularly distinct from other breast 
cancers; (£) despite their relative histologic uniformity, MBCs are molecularly heterogeneous; 
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and {c) claudin-low breast cancers are likely the most closely related ductal breast cancer subset 
to MBCv The molecular mechanisms underlying metaplastic carcinogenesis are likely 
different from those associated with other breast cancer subtypes including basal-like cancers. 
By gene expression analysis, MBCs and claudin-low tumors share common features that 
suggest related cellular origins., potentially from a more primitive cell than that implicated as 
J a precursor to luminal or basal-like tumors. It is likely that MBCs, and potential ly claudnvlow 

^ tumors, define a novel chemorcsistant triple-negative breast cancer subgroup that exhibits a 

£> signature similar to that of breast tumor-initiating cells and of residual common breast tumor 

^ cells isolated after patient treatment. The frequency of PI3K/AKT pathway aberrations argues 

2, that this pathway should be explored as a therapeutic target in MBC. A challenge to advancing 

5^ therapy for MBC patients is the ^frequency of this disease. However, a centralized clinical 

g trial effort is a feasible venture that will improve patient outcomes. 
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Figure 1. 



Gene copy number changes. Gains and losses in all common breast cancers (including luminal, 
¥£/W-amplified, and basal-like cancers) and basal-tike cancers alone versus metaplastic 
breast tumors were determined. Chromosomes are subdivided into arms and ordered from left 
to right, beginning with lp, Iq and ending with X. 
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Functional proteomics of MBC. Comparative expression of seven core PI3K/AKT pathway 
phosphoproteins in 383 hormone receptor-positive (HE), 142 HER-2-positive (HER), and 168 
tnple-negative (TN) breast tumors and 1 6 MBCs was determined. GSK3> glycogen synthase 
kinase 3; XpY, phosphorylation of protein X at amino acid(s) Y. 
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Figure 3. 



Expression of claudin-Iow and stem cell markers in breast cancer subgroups. Using data from 
transcriptional profiling, metaplastic (Metap) and claudin-Iow tumors express low levels of 
claudins CLDN3, CLDN4, and CLDN7 of CDH1 (E-cadherin) and high CD44/CD24 and 
CD29/CD24 ratios, P values (ANOVA). P values for the metaplastic-basal comparison of stem 
cell markers were 0.41 (BMJ1), 0. 1 9 (CD44), 0.004 (CD29), 0.00009 (CD24), 0.00006 (CD44/ 
CD24 ratio), and 0.00007 (CD29/CD24 ratio). 
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Figure 4. 

A CD44 + /CD24" /l0w "tumorigenic" gene signature is enriched in human breast tumors of the 
u c1audin-low" and metaplastic (MBC) subtypes. The correlation shown is between the 
"turn ori genie' 1 signature pattern (Crcighton and colleagues, submitted for publication; using 
c< 1 " and "-1 * for up and down genes, respectively) and each MBC as well an each tumor in 
the gene expression profile dataset by Herschkowitz and colleagues (9). R values above red 
dotted line are significant {P < 0.00001). 
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ORIGINAL ARTICLE 

The Phosphotidyl Inositol 3-Kinase/Akt Signal Pathway 
Is Involved in Interleukin- 6 -mediated Mcl-1 Upregulation 
and Anti-apoptosis Activity in Basal Cell Carcinoma Cells 

S. H. Jcc*t H. C Chiu.*tT. H Tsai * W L. Tsai,* Y. W, Liao* C Y Chu * and M. L. Kuof 

"Department of Dermatology, National Taiwan University Hnspir.al, Taiwan; TDcpmmcnt of Dermatology and } Institute of Toxicolocv, 
College of Medicine National Taiwan University Taipei. Taiwan 



Deregulation of interleukin- 6 has been reported to be 
associated with various types of tumors, and interleu- 
kin-6 plays an important part in regulating apoptosis 
in many types of cells. Previously, Mcl-1 was shown to 
be significantly increased in interleukin-6 -overex- 
pressed basal cell carcinoma cells and conferred on 
them anti-apoptotic activity. The aim of this study was 
to investigate which signaling pathway is involved in 
the anti-apoptotic effect of interleukin-6 on basal cell 
carcinoma cells. Here we show that the addition of re- 
combinant 100 ng per ml interleukin- 6 to basal cell car- 
cinoma cells induced a 2.3-fold increase in the level of 
Mel-l protein in basal cell carcinoma cells. Transfcction 
with dominant-negative STAT3 (STAT3F) into tntcr- 
lcukin-6-treatcd basal cell carcinoma cells caused a de- 
crease of phosphotyrosyl STAT3 but did not alter Mcl-1 
protein levels; however, AG490, a Janus tyrosine kinase 
inhibitor, wa* capable of inhibiting the mterlcukin-6- 
induccd elevation of Mcl-1 protein- Next, interlcukin-6 
stimulation elicited extracellular signal-regulated kinase 
activation in basal cell carcinoma cells, and the mito- 
gen-activated protein kinase inhibitor, PD98059, could 
affect this response without affecting the interleukin- 
6-med.i-atcd Mcl-1 upregulation. Use of the two phos- 
photidyl inositol 3 -kinase inhibitors, JLY294002 and 
wortmannin, to check whether this pathway is involved 



in Mcl-t upregulation by interleukin- 6, we found 
that the phosphotidyl inositol 3-kinase inhibitors 
completely atten uated the interleukin-6 -induced Mcl-1 
upregulation. Furthermore, in the intcrlcukin-6 -over- 
expressing basal cell carcinoma cell clone, dominant- 
negative Akt also significantly reduced the increased 
level of Mcl-1. Interestingly, Janus tyrosine kinase inhi- 
bitor, AG490, treatment strongly blocked the phospho- 
tidyl inositol 3-kinase pathway activation, as evidenced 
by the decrease in phospho-Akt level. Blockage of 
phosphotidyl inositol 3-ldnase/Akt pathway abolished 
the interleukin-6-mediated anti-apoptotic activity in 
ultraviolet B treated cells. Unexpectedly, without ultra- 
violet B irradiation, STAT3F transfcction also induced a 
significant apoptosi* in basal cell carcinoma/interleu- 
kin-6 cells. Tkken together, our data suggest that both 
the phosphotidyl inositol 3-kinasc/Akt and STAT3 
pathways arc potentially involved in interleukin-6 - 
mediated cell survival activity in basal cell carcinoma 
cells; however, the upregulation of the anti-apoptotic 
Mcl-1 protein by interleukin-6 is mainly through the 
Janus tyrosine kinase/phosphotidyl inositol 3-kinase/ 
Akt, but not the STAT3 pathway. Key words: Akt/wti- 
apoptosis/basal cell carcinoma/(ftUrte.ukin-6/Md-t/phosphoti- 
dyl inositol 3-kindsc/$TAT3/ultrdPivUt B. J Invest Dermatol 
119:1121-1127, 2002 



I 



ntcricuktn (TL)-6 is a multifunctional cytokine acting 0 n 
various types of cells. This cytokine was able to induce acute 
phase plasma protein synthesis in hepatocytcs (Gauldic ct ot t 
1987) and to enhance clic proliferation and/or differentiation 
of a wide army of cells (Himno ct <?/, 1986; Carman ct nl, 1997; 



MaiiLucMpt received February 2H. 2002; revised Mav 7. 2002: secerned 
for publioirion Auginc 5. 2002 

Kcprihf requests to: Min-Liang Kuo, PhD, Laboratory of Molecule 
Cellular Tocology, Institute of Toxicolopy, No. 1, See., 1. Ten-Ai Road. 
Taipei, Taiwan. Er\i^tl; toxkml@ha.mc.am.cxiu.tw 

Abbreviation* dnAkt, dominam-ncgativc mutant of an Akt; PI 3-ki- 
phosphotidyl inositol 3-kin^c; IL-G, mtcrtcukin <v, STAT3, signal 
cransduccr and activator of cramcripdon 3: STAT3R dominant-negative 
STAT3; JAK, Janus tyrosine kinases: MF.K, mitogen activated protein ki- 
nase kit**; BCC. bawl cell carcinoma BCC/JL-6. fL-6-overexnrt*unc 
BCC cell* LY, LY294O02; WM, w.irtmannm. 



V;m Dam mc cf al % 1987: Locz ct af t t988; Tosato ct a!, 1988; Gimtman 
€( nl, 1989; Gilhar ct at, 1995). IL-fi h.as been implicated in the 
pathogenesis of psoriasis (Yosbinaga et at, 1995: Ameglio el rt/, 

1997) , which is an idiopathic skin disease that is histopathologic 
tally characterized by accelerated epidermal pro-li fetation, ab- 
sence of apoptosis in cpidcTmis, and infiltration of inflammatory 
cells. The IL-6 level is rapidly elevated in human kcratinocytcs 
when exposed to ultraviolet (UV) irradiation (Pcdt-Frcrc ct rt/> 

1998) ; however, the role of IL-6 in skin cells in response to 
UV remains unclear. An interesting study showed that IL-fi treat- 
meat caused growth arrest in human primary melanoma cells 
but failed to induce the same effect in more aggressively growing 
melanoma cells (Flotenes et nl 1999). This indicates that IL-6 may 
act as a negative regulator in the development of human melano- 
ma, Tn contrast, it has been reported that IL-6 is a mitogen for 
basal cell carcinoma (BCC) cells (Jee ct ai, 2001). These findings 
suggest that 11-6 may have different effects on different types of 
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skin cells and. it* effects arc certainly associated with die patho- 
genesis of human sktn cancer. 

BCC is one of the most commonly encountered neoplasms in 
the world and is characterized as locally aggressive with little 
metastatic potential (Lear el al 1998). UV irradiation is considered 
to be a major criologic factor for the pathogenesis of BCC (Krickcr 
ct (tL 1994). Interestingly, UV irradiation can trigger the release of 
IL-6 and tumor necrosis faccor-<x from human epidermal kcrari- 
nocy ccs (Chung ct n/. 1996: Avalos-Diaz a al 1999). Cultured BCC 
cells stained with specific cytokine antihodics showed significant 
expression of IL-6 (Yen ct al 1996). These findings suggest the 
possible involvement of IL-6 in die pathologic process of BCC 
To answer this question, a previous study has shown that ectopic 
over-expression of TL-6 in BCC cells resulted in enhancement of 
tumori gen i city in nude mice as compared with vector control 
cells (Jcc tx al 2001). Besides, the IL-6 -mediated enhancement of 
tumor potency of BCC cells was .it least in part due to its anti- 
apoptoric activity (Jce rt al 2001). The Mcl-l ^enc has further 
been identified as a critical downstream effector of IL-6-cli cited 
an ci-npn prone signaling. Furthermore, has recently been 

shown co function as a key player in the apopcosis of several 
human cancer cells, such as multiple myeloma, renal cell carcino- 
ma, prostate cancer, Kaposi's sarcoma, colorectal cancer, and hepa- 
toma (Akira and Kishimotn, 1992; Aoyau;i ct al, 1996; Adlcr ct al, 
1999; Aoki ct at, 1999; Kinoshita ct al 1999; Kuo et at, 2001). 

This step in the mechanism of deregulation of np op to sis has 
emerged as a central feature in human cancer development 
(Hanahan and Weinberg, 2000). The cell survival signaling 
pathways elicited by II— f> have been investigated but mostly in 
hematopoietic cells. In general, three major signaling pathways, 
including the STAT3 pathway (Puthicr ct at, 1999), phosphotidyl 
inositol 3-kinase (PI 3-kinase)/Akt pathway (Qiu <rr al 1998; 
Chen # al 1999; Kuo a al 2001: Wei d at, 2001), and mirogen- 
activatcd protein kinase pathway {Thabard ct al, 2001) have been 
reported to be involved in the IL-6 -mediated cellular functions. 
Which signaling pathway ts active after IL-6 treatment depends 
upon the cell context. In this study, wc sought to determine the 
role of IL-6 in UVB-induccd apoptosis in BCC cells and identify 
which signal transduction mediators would be involved in IL-6- 
induccd Md-1 expression. 



MATERIALS AND METHODS 

Cell origin and cell cultutc The BCC cell line originally named 
BCC-1/KMC whs established frotn human BCC derived from die 
undifferentiated type of BCC tumor arising on a thermal traumatic scar. 
Cytokcratin T<8,13 was demounted in the cytoplasm (Yen rf ai, 19%). 
The UCC cell line was cultured in RVMT-1640 medium supplemented 
with 10% fetal bovine semm. streptomycin (100 rnj; per liter), and 
penicillin (60 mg per Hti-r). The vector elor> c (BCC/nco) and TL-6 
ovcrcxpTCsrion done (BCC/IL-6) were cultured in the same mixJhim as 
described above, but with chc addition of 500 ug G41« per ml (Jcc d at, 



Antibodies mid reagent* Affinity-purified monoclonal mouse ami- 
Akt, awi-Md-l anti-ERXl/2. and ana%plin*phn-ERKl/2 antibodies, 
and rabbit polyclonal anti-FUCiR* IgG were purchased fmm Santa 
Crux Biotechnology (Santa Cruz, CA). The anti-phn.<pho-Akt was 
from Promegn (Madison. WI). Tine anci-phospho-STAT.3 was from Up- 
state Biotechnology (Like Placid, NY). The Pi J-kinasc inhibitors 
wortmannin (WM). LY294O02 (LY). Janus tyrosine kinase (1AK) 
inhibitor. AG4W and MEK inhibitor. PD l J80!i«J were obtained from 
CaJhiochem (San Diego, CA). 

%utcm blot an«Uy 5 ?5 The cellular lysatcs were prep^d as described 
previously (Kuo ct d. 1998). A 50 ug umplc of each lysate was ™bjcctcJ 
tn electrophoresis on 10% sodium dodeeyl sulfatc-polyncrylamidc ^cls, 
:ind for detection of McH, STAT3, ph W pho-STAT3 (p-STAT3), Akt. 
phespho-Akt (p-Akt), ERK1/2. and phospho-ERKl/2 (p-F.RK1/2). The 
lamplcs were then clcctroblottcd on nitTOcdlulnsc paper. After blocking; 
blou were inm bated wtrii anti-Md-l. anti-STAT^ anti-p-STAT.}, 
anti-Akr, anti-p-Akt, anri-£RKy2, and anti-p-ERKl/2 ancibcidics in phosphate- 
buffered saline (PBS) containing Tricon X-100) for I h tbllrtwcd by three 
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washes (15 min each) in PBS Triton X-100, and then incubated with 
horseradish pcrnxidasc-coryugated Roat anti-mouse IgG (fnr the primary 
monoclonal antibodies) and with horseradish pcroxidiisc-conj ugntcd goat 
nnti-rabbit IgG (for the primary polyclonal antibodies; Amcrsham), 
respectively, for 30 min. After washing. blot* were incubated for 1 min 
widi die western blotting reagent ECL (Amcrsham (Buckinghamdiirc, 
UK)) and clicmMurniiicsccncc from the blots was detected by exposure 
of Kodak-BioMax films to the blocs for 30 s to 10 min. The inccn5Uy of 
bands on aiicn-rndiogcarns were quantified by scanning laser densitometry. 

Reverse rrans^ptas ^polymerase chain, reaction (reverse trans- 
crip t as e-PCR) RNA fmm BCC cells treated with IL-6 were isolated 
using commercial kits (BIOTECX Laboratory Inc. (Houston, TX)). The 
total RNA was subjected to first-strand 'synthesis usinjs Random 
Hcximcr (Amcrsham, Pharmacia Biotec (Buckinghamshire, UK)) and 
M-M.LV Reverse Transcriptase (RNasc H Minus) (Promega) at 37"C for 
3 h.Thc cDNA was then diluted to a final volume of 50 ul and quantified. 
VWc micrograms of cDNA was amplified in the presence of 0.5 U Taq 
polymerase per ui (Protcch Technology, Taipei. Ihiwan) ?nd 25 pmol of 
hurh the sense and the anti^ense Md-1 or p-netin oligonucleotides in 
HCR biifTcr (10 niM Tri< pH % 50 m M KCI. 1.5 M s Cl 2 , O.01 % gelatin, 
and 0.1% Triton X-100): 

MCl-1 sense. 5' <K:GG ATCC A CC^I'GTTTGGCCTCA A AA< ;a«3' 
MC1-I anti-set5.se, 5'<?CGTCOACACXKrrATCTTATTARATATGC-.V 
(J-actin sense, 5'-CGTCTGGACCTGGCTGGCCGGGACC-.^ 
(i-actin anri-wose, 5' -CTAC IA AGCATTTGCGGTGCJACGATG-^' 
The reaction mixture was incubated for 5 min at 94 P C djen amplified 
hy 25 VCK cycles (denaturation for 1 min at 94 n C annealing for 1 min at 
55 r C for Mcl-l and Sfi a C for P-actin, and extension for \ min at 7T C). 
Each PCR product was then analysed on a 2% agarose gd i stained widi 
1 U£ cdudiuni hnjinidc per mL viewed and photographed. The intensity of 
bands on photographs was quantified by scanning laser densicomecr^ 

DNA construct an<1 transient transfcction To construct a 
hemagglutinin vpitopo-tngged dominant-ncKativc mutant of «n Akt 
(dnAkc) exprcsMon plasmid, an hcm^lutinin epitope tag w w inserted 
into dnAKT cDNA and eluned lnt<» a pcT3NA3 vector (GIBCO. 
rnviiroficn; Grand r.dand, NY; Chen clal t IfcW). n.-lS-overcxpressing liCC 
cells (BCC/IL-f*) were plated 24 h before transaction at a density of 1 x II) 5 
cells in 35 mm Petri dish. Cells were toinsfcctcd with 1 ug of dnAkt 
plasmid according to the manufacturer** instructions, the 

Ituisfea M Transfcction Reagent {Promega). Por as^y of JAK/STAT3 
'signal pathway, 1 of die hcma^lurinin-tagged dominant-negative 
mutant of STAT3P plasmid (Nakajima ct ah 1W6) or control plasmid 
(pcDNA3) was constructed using the same method described above. The 
amount of hemagglutinin was concomitantly measured to confirm the 
transection efficiency. 

Flow cytometry for apo ptosis assay Cell cultures grown to about 7(>- 
R0% confluence and scnirri-starvcd for 24 h were irradiated with UVB At 
25 mf per cm*. Twcnr.y-four hours later, the floating cells were collected 
from culture medium, centrifuged, and then washed once with PBS. 
Cells that adhered to the culture dish were trypsin ized with 0.5 ml of 
trypsin (0,05% trypsin and 0,02% cthylcucdiaminc terraacctic arid) for 5 
min and then collected. The floating cells and the collected adherent cells 
were pnoled and ccncrifugcd at 1300 for 5 min. Pellets were washed 
with PBS twice, followed by adding 200 pi of PBS and 800 u.1 nf 
absolute ethanol (i.e.. «0% EcOH) and incubated at -20 U C for it least 3 
h. Then, 0.5% Triton X-100 (in PBS) was added and mixed well, 
followed by RNase {fitmj volume 0.05% v/v). And the mixture was 
incubated at 37"C for 20-30 min. An equal volume of prnpidium iodide 
(50 ug per ml in PBS) was added to the samples, which were then 
analyzed hy flow cytometry (FACSCalibur, Bccton Dickinson, Lc Pont 
dc Claix, France) using CELLQucst software (Boctnn Dickinson). 



RESULTS 

IL-6 uprcgulatcs McH in human .BCC cells Previous d;itu 
demonstrated that the Mel-1 protein level, but not other Bcl-2 
ramily members, was obviously incrrascd in BCC/IL^6 (Jcc ct al 
2001). Here wo show thAt exposure to human recombirxant IL-6 
also increased the Mcl-l protein level in BCC cdls. Western 
blotting revcnled tlut upon IL-6 sdmulncion with a dose of 
100 ng per ml, the level of iMcl-1 protein initially increased ac 
2 h. and peaked at G-R h t then declined to basal level (Fig Lri). 
In contrast, the levd of Bel-2 protein was little changed 
(Fig 14). A 2.3-fnld increase of Md-1. protein occurred io BCC 
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Figure 1. regulates the expression of Mct-1 In humnn BCC 

cells in a time-dependent manner. (<?) Twenty-four hour serunwrarved 
BCC cells (5 x 10* per ml) were treated with r>0 ng per ml Or1H0 ng per ml 
of IL-fj for different amounts of rime (0, % 4, fi, 8. or 1fi h). (ft) Scrum- 
uarved I3CC cells (5 X Iff per ml) were treated 1 p^r of anri-FT.^R^ anti- 
body for 12 h. After treatment, cell lysatcs were prepared and analyzed hy 
western blotting as described in Muleriati atuf Mahmis. (<) The number bv- 
low each lane indicate the relative intensity to control (defined as 1.0). Thin 
is one representative eypcnmCnt of three. 



cells after exposure to 100 ng per ml, respectively. Wc previously 
reported that the BCC/IL-6 cells displayed an elevated level of 
Mcl« I (Jcc Ct ai< 2001). Here we found that the increased level of 
Mcl-1 in BCC/lL-6 cells was effectively diminished by treatment 
with specific anti-TL-6R.ct antibody but not by control IgG 
(Fig 1JB). The above findings suggest that both paracrine and 
autocrine U.-6 can induce endogenous Mcl-1 uprcgulation in 
BCC cells. In addition, reverse transcriptasc-*PCR analysis 
showed that mrl-1 mRNA. was significantly elevated and peaked 
at 6—8 h after fL-6 treatment (Fig 1C), suggesting that the 
mediated increased in mcl-1 gene expression is possibly through 
transcriptional regulation. 

5TAT3 and ERK1/2 activation are not required for 
Mcl-1 uprcgulation mediated by IL-6 Determining whieh 
signaling pathways arc involved in I L- 6 -mediated Mcl-l 
uprcgulation in human BCC cells was the next topic of interest. 
First, possible involvement of the STAT3 pathway in IL- 
6 -mediated Mcl-1 uprcgulation was examined. To address 
this issue, cither control vector or STAT3 dominant-negative 
mutant (STAT3F), in whieh Tyr-705, a phosphoacccptor site 
of STAT3, was mutated to phenylalanine (Nakajima ct ah 19%). 
was transiently transfected into BCC/lL-6 cells. Transient trans- 
fectants and pcDNA3 control cells were analyzed for chcir effect 
on STAT3 activity by determining the tyrosine-phosphorylation 
status of STAT3 (p-STAT3) in the fL-n overexposing BCC cells. 
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Figured. STAT3 pathway and ERK pnthway are not involved in TJL.$ pptcgulation of Mcl-1. (a) Dominant-negative STAT3 (dnSTATJ, STATJF) 
reduces lL-6-mduccd tyrosine phosphorylation of 5TAT3, Aftgr transient transfection of BCQI.L-6 with control vector (pcDNA3) and hcmagghiri un- 
tagged dominant-negative 5TAT3 (STAT3F) for 48 h. the cell lysatcs wich an equal amount of proteins were subjected to western blgtting with anri-phos- 
phe-STAT3 antibody, which specifically recognizes chc phosphotyro.sinc at Tyr 705 of the STAT3 protein, was performed to check their $TAT3 function. 
Dominanwnegacivc STAT3 failed to inhibit IL-rt -induced Mcl-1 expression. Lysntcs from cells (as indicated above) were annlyzed by wesccrn blotting osinp 
Anti-Md-1 antibody, ftr) JAK inhibitor.1 (AG490) rvduwd FL-ft-induccd tyrosine phosphorylation of 5TAT3 and serine phosphorylation nf Aktanri Mcl-1 
cvprcssion; MEK inhibitor (PD9A059) abolished the IL-ri-:nduccd activation of ERK, buc not Mcl-1 expression. Fortnight hour scrum^tarved BCC Ccll5 
(5 x 10 per ml) pitfrcatcd svith IL-6 (1(10 ng per mlj for 15 min were then incubated with 2> um and 50 um of AG490 for a further 1 li, l.ytrttt from cells as 
indiw^cd were ufied for western blotting with Ani;i-phoypho-STAT3 antibody (e t /mi«rpflr?W) and anri-phospho-Akt antibody (c, lw*r panel). For assessment 
of Mcl-1. the incubation time of AG4 f Xl wa? 6 h, Lywtcs were u.vd for western Wotting with anti-Md-1 antibody (b). To investigate the involvement of 
K.A5/MEK/EPJC pathway. scrum-.«arvcd WCC cells (5 x: V> s per ml) predated with tL-6 (100 ng per ml) for 15 min wc incubated with 25 jim and 50 \xm 
of PD98059 for a further 1 and & h for assessment of EU.K1/2 (c, u PP <* p^nr.I) fln d Mcl-t. respectively (b). Cell h/satcs were pjeparcd and meed for western 
blowing with antibody jpcciflc to phosphorylatcd ERK1/2 (r. r^pcr pancf) or anti-Mcl-1 ancih,>dy (ft), The number below cadi lane indicate the relative 
intensity to control (defined as 1.0). This is one representative experiment of three 
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Expression nf STAT3F resulted in inhibition of STAT3 function . 
ns evidenced by the decrease in p-STAT3 with addition of a 
specific anri-p-STAT3 antibody (Fig 2A): however, Mcl-1 and 
other internal control proteins such as Bcl-2 and a-tubulin, 
were all not significantly attenuated by transfection with 
STAT3F. The high expression of hemagglutinin and marked 
decrease of p-STAT3 after transfection of henna gglutitoin-taggcd 
5TAT3F indicated that a high teansfection efficiency wry achieved 
and allowed for detecting the inhibitory effect of 5TAT3F on the 
level of Mcl-1 (Fig 2A). To confirm further that the JAK, &n 
upstream kinase of STAT3, is not involved in the IL- 6 -induced 
Mcl-1 up regulation, n specific inhibitor for the JAK family of 
kinases, the tyrphostin AG490, was utilised. As Fig 2(B) 
illustrates, prctreating BCC cells with AC490 significantly 
reduced the tyros inc-phosphorylatcd state of STAT3 and Mcl-1 
in the presence of [L-6, suggesting that JAK is accessary 
for Mcl-1 expression induced by IL-6; however, according to 
Fig 2(A), activation of STAT3 pathway is not required for IL-fi- 
induced Mcl-1 uprcgulation. Therefore, we strongly suggest 
that JAK induces Md-1, possihly through another downstream 
mediator. 

Next, wc examined whether ERK1/2 could be activated by 
IL-6 and be involved in M.cl-1 uprcgulation in this cell context. 
Figure 2(C) shows that IL-6 apparently activated die ERK 
pathway in BCC cells, as evidenced by the increased phos- 
pborylatcd form of p42 and p44. The fL-6-jnduccd increase 
of phosphorylated ERK, as expected, was greatly reduced by 
treatment with PD98059> a highly specific inhibitor of MEK; 
however, PD98059 failed to inhibit the I L-6 -induced Md-1 
expression. These findings indicate that in BCC cells, the ERK 
pathway is not involved in IL-6-induccd Mcl-1 uprcgulation. 

The PI 3-kiriaiie/Akt pathway is involved in the IL- 
6* -induced Mcl-1 expression Previous investigations on 
different cell modes have demonstrated chac IL-6 could activate 
PI 3-kinasc and Akt pathways, which mediate chc anti-apoptotic 
signal of IL-6 in human hepatoma Hep3B cells (Chen ct al 1999; 



Kuo ct <ii 2001) and human cervical cancer C33A cells (Wei ct 
2001). Wc thus examined whether PI 3 -kinase/ Akt pathway is 
involved in IL-6-induced McM uprcgulation in BCC cells. To 
addrcs:* this, two specific inhibitors of PI 3 -kinase, WM and LY 
were used. As Fig 3(A) reveals, 1Z5 or 25 U-M of LY or 5N or 
100 n,M of WM significantly decreased the elevated level of 
McM induced by IL-6. Under identical circumstances, IL-6- 
stimulated PT 3 -kinase activity was blocked by both LY and 
WM, as indicated by the decrease of the phosphorylatcd form of 
the Akt protein (p-Akt), which was recognized by a specific 
antibody (Fig 3B). The serine/threonine protein kinase Akt is a 
downstream cfTector of PI 3 -kinase and can be activated by IL-6 
in Hcp3B cells (Chen of al, 1999; Kuo ct al 2001) and C33A cells 
(Wei ct at, 2001). To assess the role of Akt in the IL-6-induecd 
Mcl-1 increase in BCC cells, the effect of dnAkt was 
investigated, A hcmagglutinin-taggcd kinasc-defectivc dnAkt 
(Chen et al, 1999) was transiently transfected into BCC/IL-6 cells 
hei-ejn, to examine its influence on IL- 6 -mediated Mcl-1 
uprcgulation. Figure 3(Q reveals that the increased Mcl-1 
protein level in BCC/1L-6 cells was significantly diminished by 
transfection with dnAkt but not with pcDNA3 control vector, 
The successful expression of dnAkt in BCC/IL-6 cells was 
determined by the hemagglutinin level using western blotting 
(Fig 3C). Above findings indicate that PI 3 -kinase and its 
downstream Akt arc activated by EL- 6 and mediate the signaling 
to uprcgulatc the level of Mcl-1, 

Tn Fig 2(B), wc have clearly demonstrated that JAK is critical 
for IL-6 -mediated Mcl-1 uprcgulation. Besides, ic is known that 
JAK is recruited immediately by gpl30 upon IL-n treatment 
(Puthier ct al, 1999), Wc thus propose that JAK may act upstream 
to transduce signaling to PI 3-kinasc/Akt pathway and finally 
activate the Mcl-l expression. To clarify this hypothesis, we 
checked whether AG490 treatment would affect the level of p- 
Akt in BCC cells treated with IL-6. Figure 3(D) shows that the 
IL-fi-induccd increase in phosphoryiaced Akt levels in BCC cells 
was markedly diminished by 25 and 50 |iM of AG490. These data 
suggest chat the signaling pathway responsible for IL-6 mediation 
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Figure 3. PI J-kitutc/Akt pathways are involved in eho IL-6 uprcgulation of Mcl-L (rf) PI 3-kinwc inhibitor reduced IL-6 -induced Md-1 expres- 
sion. Twenty-four hour serum-survcd BCC cells (5 X \if per ml) w prctrcatcd with tL-6 (100 ng pc»- ml) for 15 min followed hy incubation with PI 3- 
kinasc inhibit*)*, LY (12.5 and 25 Mm) or WM (50 and !0n tim) for .ux more hour*. The cell Iywtc* with an equal amount r>f protein were subjected to 
western htrttting wich anti-Mcl-I antibody, (h) PI 3-kinasc inhibitors attenuated a-6 elicited scriuc phojphoryl.ir.irto of Akt. The cell* were treated (a> 
indicated above), except incubation lime with IL-6 was for I h_ AntUpAkt antioody was used for western blotting analysis, (c) dnAkt inhibit* lU6-rcgu- 
laced Mcl-1 uprcgulation. BCC/rL-fi ccll< were tonsfected with hemagflhrnmn-taggud dnAkt or control vector (pc.DMA?) for 4^ h. Cell iyxAta %vcrv 
analy/^rf hy western blotting using aoti-McJ-1 antibody {upper pane]) and anti-hcmagglurirun antibody (kw p/mr/)- M AG4V0 artcnuatc* activation of 
Akt in a concentration-dependent manner. The cells were treated as (t>), except AG49U (25 and 50 um) was used instead of LYand WM, The number below 
each lane indicate the relative intensity to control (defined a< 1.fl).Thi.< i.< one representative experiment of three 
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Figured. (<x,A) PI 3-kitwsc/Akt and (t) STAT3 at* involved in anti-apoptotir activity rc B ulntcd by IL-6. (n) PI 3-kinue inhibitors blocked the 
arti'.i-apoptotie activity nF IU6. Scntm-starvcd BCC cells {5 x 10* per ml) were prctrcated with PI J-kituiw inhibitory LY (25 and 50 jim) or WM (50 and 
MHI mm), followed by H_-r> (UK) riff per ml) for an additional hour Cells were then irradiated vvith 25 mj per cm 2 of UVB. Twenty-four hours after UVB 
irradiation, the cells were harvested for flow cytometric analysis, (ft) rinAlec Wock* the anti-apoptotic effect fti*U,-6. Forty-eight hours after transient cra™- 
fecrion of BCQIL-G with eontrol vector (pcDNAJ) and hcrtT^ g Uinmn-ta R gcd dnAkt, BCC/IL-6 cells (5 x 10 5 per nil) were irradiacud with 25 mj per cm 2 
of UVfi or not irradiated. Twenty-four hours after UVB irradiation or »o irradiation, cells were harvested for flow cytometnc analyst*, (e) Dominant- 
negative STAT3 (STAT3F) blocks the anti-apoptotic effect of H,-6, Control vector (pcl3NA3) and hem a gfllurin in-tagged dominant-negative STAT3 
(STAT3F) were transiently transfected into BCC/tL-6 celis followed by the same procedure as (fa). Parental RCC Cells plus and minus UV served a* controls 
in {b) and (t). Percentages of hypodiploid cells arc expressed m mcan±SD of three experiment*, Students t test was used for comparison. 



of Mcl-1 uprcguiation in human BCC cells may bo a novel JAK/ 
Pi 3-kinasc/Akt pathway. 

PI 3 -kina.se/Akt and STAT3 pathways arc involved in the 
anti-apoptotic activity of EL- 6 It has previously been 
demonstrated that IL-6-uprcgglatcd Mcl-l confers resistance to 
UVB-induccd apo ptosis in BCC cells, as evidenced by transient 
transection ofanci-sen.se Mcl-1 (Tec ct <xi 2001). In this study, wc 
further demonstrated that the Pi 3-kinasc/Akt. but not STAT3, 
pathway is critically involved in I L- 6 -mediated uprcguiation of 
Mcl-1 in BCC cells. Wc thus examined whether VI 3 -kinase/ 
Akt is involved in IL-G-rcpiilatcd anri-apopcueic activity against 
UVB irradiation. Exposure of BCC cells with recombinant 
1L-6 resulted in a protection against UVB-induecd apopr.osis 
(Student's t test, p < 0.001, Fig 4A). The TL-6-mcdiatcd inti- 
apopcotic activity against UVB was diminished by treatment 
with LY or WM (Fig 4A). Supportive of this rinding, 
transfeccion uf dnAlct vector into &CC/IL-6 cells also lead to"a 
dramatic attenuation of their anti-apoptotic activity against 
UVB irradiation (Fig 4B). These results strongly suggest an 
important role of the PF 3-kinasc/Akt signaling pathway in 
IL- 6 -mediated cell survival. On the other hand, a previous 
study showed char the STAT3 signaling pad* way also contributes 
the anti-apoptotic activity of IL-fi in human hepatoma cells 
(Chen et al. 1999). Thus we trail sfected dominant-negative 
STAT3 (STAT3F) into BCC/lL-6 cells to sec its cfTcct on ccU 
dead:, interestingly, 5TAT3F transection caused a significant 
increase of apoptocic cell dcadt in BCC/fl>6 cells with nr with- 
out concomitant treatment with UVB, when compared with 
control vector (Fig 4C). This observation suggests chit STAT3 
pathway was involved in IL-6-induccd cell survival activity hut 
not in Mcl-1 uprcguiation. It is possible that activation of 5TAT3 
and PI 3-kinase/Akt pathways may lead to different downstream 
effectors to protect cell death, 



Taken together, our findings suggest that the anti-apoptotic 
activity of IL-6 against UVB irradiation is mediated though the 
activation of PI 3«kinasc/Akt fallowed by uprcguiation of Mcl-1 
in BCC cells. Without apoptotic stimuli, however, the STAT3 
pathway provides a fundamental survival mechanism of IL-6 
and this mechanism is independent of Md-1 uprcguiation. 



DISCUSSION 

TL-G has been reported to be associated with various types of 
tumor?;. Emerging evidence has demonstrated that IL-6 plays an 
important part in regulating apoptosis in many types of cells. 
Tli is anti-apoptotic effect may be attributed to the malignant 
progression of tumors. UVB has been the important ctiologic 
factor of skin cancer. Nucleotide excision repair* apoptosis, and 
cell cycle regulation arc major defense mechanisms against the 
carcinogenic effect of UVB; however, the anti-apoptotic cflfccc 
of UVB mediated by IL-6 in skin cells has not been well 
documented. 

Wc previously demonstrated that ectopic expression of IL-6 in 
BCC cells resulted in an increment in Mcl-1. protein level (Jec 
ct <if r 2001). Here wc show addition of recombinant IL-6 also evi- 
dently elevates the level of Mcl-1 protein. These findings indicate 
cidjcr an autocrine or paracrine loop of IL-6 synthesis can stimu- 
late endogenous Mcl-1 expression in BCC cells. (Vang Ct <ii 1996) 
reported that unlike Bcl-2, Mcl-1 contains 0 PEST sequence; 
Rogers et al (1986) found the amino acid sequences often proteins 
with intracellular half-lives leas than 2 hours contain one or 
more regions rich in proline (P) glutamic acid (£), serine (S) and 
threonine (T). They renamed these regions PEST regions. This 
probably accounts for the lability of Mcl-1 (half-life of 1-3 h). 



In a previous study using a hepatoma cell model, wc observed 
this same property of Mcl-1 protein (Kuo ct <?/, 2001); however, 
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in chis study, upon TL-6 stimulation, the level of Mcl-l reached a 
maximum at 6 h and was sustained for 16 h. It seems chat 
McM has a longer half-life in BCC cclU.Thc reason for the more 
delayed induction and more prolonged half-life of Mcl-l in BCC 
cctls unknown and need* to be further investigated. 

The signaling pathways leading to the Md-1 expression have 
been investigated and varied according to the type of ecl! models 
or stimuli employed. For example, activation of protein kinase 
C/ERK pathway was necessary forTPA (.12-oKctradccanoylphor- 
bol-13-acctatc) ot the miaoaibuk-disrupcing agent-induct 
Mcl-l expression in ML-1 human mycloblastic leukemia cells 
{Townscnd rf ai 1998). LL~6 has been reported to induce McM 
expression in multiple myeloma cells through the JAK/STAT3 
pathway but not the Ras/FRK pathway (Puthier ei al t 1999). A 
previous study showed that gratiuloeyte-m aero phage colony-sti- 
mulating factor and [L-3 activated Mcl-l expression in TF-l leu- 
kemia and Ba/F3 prn-B cells, respectively, and the Mcl-l 
induction in both cells was mediated through the PI 3-kinase/ 
Akt pathway (Wang et al, 1999). The above investigations have 
almost focused on the cell systems that arc of hem:ittipoier.ic 
origin. Recently, we and others began to study the regulatory 
mechanism of Mcl-l by IL-6 m cells of epithelial origin, Interest- 
ingly, unlike the situation in the hematopoietic cells, the PI 3-ki- 
nase pathway is commonly activated and necessary for Mcl-l 
uprcgulacion in a wide array of epithelial cancer cells, including 
hepatoma celts (Kuo ct ai 2001), prostatic cancer cells {Chung et ai, 
2000). and cervical cancer cells {A&ei ct n7, 2001), (n agreement 
with those who experimented in these cancer cell lines, we also 
find that the PF 3-kinase and its downstream effector Akt is acti- 
vated by 1L-6 in RCC cells. The PI 3-kinasc/Akc signaling path- 
way is important for cell survival activity and Mcl-l expression in 
BCC cells. 

Upon [L-6 binding, its receptor triggers the recruitment of 
the signal-transducing protein gp130. subsequently leading to 
the activation of the gpl30-associated Janus kinases QAK) 
(Murakami ?t a) % 1993; Lutticken ct ai 1994; Narazaki ct al, 1994). 
JAK phosphorylatc gpl30 at several tyrosine residues and these 
phosphotyrosines recruit various SH2 domain-containing pro- 
teins, such ns STAT and SHP-2 (Akira et ai 1994; Boulton ct ai 
1994). These events led to the activation of multiple signal trans- 
duction pathways, such as the STAT, Ras/ERK and Pt 3-kin?sc 
pathway (Kibi ct al, 1996; Hcinrich ct al, 1998). Although the 
STAT3 pathway was not involved in IL-6 -induced Mcl-1 uprcgu- 
lation, blockage of the STAT3 pathway leads to cdl death hi IL-fi- 
ovcrexprcsscd BCC cells. This indicates that certain anti-apoptotic 
genes located downstream of the STAT3 pathway in lL-6-ovcrex- 
pressed BCC cells have not been identified yet. Consistently the 
STAT3 pathway has already been reported to participate in anti- 
apoptosis of multiple myeloma cells (Fiikada ct ni 1996; Catlctr- 
Falconc ct ah 1999). Bcl-xL wa.s found to be elevated in human 
multiple myeloma cells by IL-6 through the STAT3 pathway 
(Puthicr ct ai 1999): however, a previous study showed that the 
level of many Bel- 2 family proteins, including Bcl-xL and Bel-2 
was not altered in IL-6-overexprcsscd BCC cells (fee ct al, 2001). 
This result excludes the possible involvement of some well-known 
BcJ-2 family proteins in the 5TAT3 pathway-mediated nnti-apop- 
totic activity in JL-fi-ovcTcxprcsscd BCC cells. Bcltido et til (1998) 
demonstrated chat p21 is a downstream effector of gp!30/stat3 acti- 
vation and a critical mediator of die pro-differentiating and anti- 
apoptotic effects of JL-6 type cytokines on human osteoblastic 
cells. Tn our system, increased expression of p21 protein was ob- 
served upon IL-6 stimulation (data not shown). How p2l pro- 
motes survival and any other Anti-apoptotic factors regulated by 
STAT3 remains elusive and requires further investigation. 

The PI 3-kinajc/Akt signaling pathway is involved in the sur- 
vival effect of many growth factors and some transforming onco- 
genes (Skorski d at, 1997; Songyang ct al, 1997). Recent findings 
demonstrate that the pro-apoptocic protein Bad (Oatta et al 1997) 
and procaspvc 9 (Cardonc ct d % 1998) were the downstream tar- 
gets of Akt, which protects cells from apoptosis; however, Bad 
has a restricted tissue distribution, and not every survival signal 



that activates Akt stimulates Bad phosphorylation (Schcid and 
Durono, 1998). The phosphorylation mactivacion of procaspase 9 
by Akt is not generally observed in all cell types. It is possible that 
Akt may exert its anti-apoptotic effect via the activation or inac- 
tivation of other cellular targets. Our studies in hepatoma cells, 
cervical cancer cells, and BCC cells provide evidence that Mcl-K 
the survival factor accivatcd hy IL-6, is another cellular target of 
the PI 3-kinasc/Akt signaling pathway. Unlike the phosphoryla- 
tion of Bad or procaspase 9. the PI 3-kinnsc/Akt pathway upregu- 
latcs the Md-1 expression at the level of transcription (data not 
jihown). 

Although IL-6 exerts an anti-apoptotic activity irj a wide vari- 
ety of cells, the cell survival signaling pathways activated by the 
cytokine is varied, Greater understanding of the specific anti- 
apnptntic signal pathways activated by IL-6 in skin cancer cells 
may enable the development of effective preventive measures or 
therapies for human skin cancers. 
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REVIEW 



PTEN: New Insights into Its Regulation and Function in 
Skin Cancer 

Mei Ming 1 and Yu-Ying He 1 



Skin cancer is the most common cancer in the United 
States. UV radiation in sunlight is the major environ- 
mental factor causing skin cancer development. PTEN 
(phosphatase and tensin homolog deleted on chro- 
mosome 10), a recently discovered tumor suppressor 
gene, is frequently mutated, deleted, or epigenetically 
silenced in various human cancers. PTEN negatively 
regulates the oncogenic phosphatidylinositol 3-kinase 
(Pf3K)/protein kinase B (AKT) signaling pathways. PTEN 
is clearly a critical tumor suppressor for skin cancer in 
humans and in mice. This review summarizes the 
recent progress in the function of PTEN in the 
development of skin cancer, including basal-cell 
carcinoma, squamous-cell carcinoma, and melanoma. 
The regulation of PTEN by UV radiation is also 
discussed in association with skin carcinogenesis. 
Understanding the fundamental mechanisms that 
lead to the reduction of PTEN function in skin 
carcinogenesis and the essential association with UV 
radiation opens up new opportunities for molecular 
chemoprevention and therapy of skin cancer by 
targeting PTEN pathways. 

Journal of investigative Dermatology (2009) 129, 2109-2113; doirl 0,1033/ 
jid.2009.79; published online 2 April 2009 



INTRODUCTION 

Skin cancer is the most common type of cancer in the United 
States. Each year more than one million new cases are 
diagnosed, accounting for more than 40% of all cancers 
diagnosed. Skin cancers include basal-cell carcinoma (BCC), 
squamous-cell carcinoma (SCC), known as non-melanoma 
skin cancer, and melanoma, BCCs and SCCs account for 
-"80 and 16% of all skin cancers, respectively, whereas 
malignant melanomas account for only 4% of all skin cancers 
(Bowden, 2004). BCCs and SCCs are both derived from the 
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basal layer of the epidermis of the skin. BCCs are slow 
growing and rarely metastasize, whereas SCCs can be highly 
invasive and may metastasize (Bowden, 2004). In contrast, 
melanoma is derived from melanocytes and the mortality 
associated with melanoma is high. UV irradiation in sunlight 
(Ramos el a/., 2004; Erb cr at., 2008) is the major 
environmental factor causing skin cancer. The rising in- 
cidence rates of BCC, SCC, and melanoma are highly 
associated with increased exposure to UV radiation because 
of increased sun exposure caused by sunbed tanning for 
cosmetic purposes, increased outdoor activities, changes in 
clothing style, increased longevity, and/or ozone depletion 
(Rigel, 2008). 

PTEN (phosphatase and tensin homolog deleted on 
chromosome 10) functions as a highly effective tumor 
suppressor in a wide variety of tumor tissues (Suzuki et at., 
2O0fi) by negatively regulating the phosphatidyl inositol 3- 
kinase (PI3K)/protein kinase 8 (AKT) pathway (Maehama and 
Dixon, 1998), Loss of PTEN function through deletion, 
mutation, and/or decreased expression, has been found both 
in human sporadic cancers (Steck ctf a/., 1997; Kohno ef a/„ 
1998; Birck et at, 2000; Harima et at., 2001; 8yun el al. f 
2003) and in hereditary cancer syndromes (Liaw ef al, 1 997; 
Marsh et at,, 1997; Harima et at., 2001). This ubiquitous and 
evolutionary conserved signaling cascade influences many 
functions, including cell growth, survival, proliferation, 
migration, and metabolism (Endersby and Baker, 2008). 
Although largely unknown, similar or distinct PTEN involve- 
ment may exist in skin carcinogenesis. 

The review here is to provide a new perspective of PTEN 
regulation and function in skin carcinogenesis, its interaction 
with other critical signaling pathways involved in skin 
cancer, and its regulation by environmental UV radiation. 
Furthermore, the possibility of selectively targeting PTEN 
chemoprevention and therapy of skin cancer is also 
discussed. 

PTEN IN SKIN CANCER 

Functional studies supported the hypothesis that PTEN is a 
critical tumor suppressor in skin cancer. Loss of PTEN activity 
through mutation, deletion, or reduced expression has been 
shown to play an important role in skin tumor development. 
Germline mutations in PTEN, detected in patients with 
Cowden's disease and Bannayan-Riley-Kuvalcaba syndrome 
(Bonneau and Longy, 2000), lead to the loss of PTEN 
function, which increases the risk of tumorigenesis in skin 
as well as in other organs (Liaw et at., 1997; Trojan er a/., 
2001). 
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PTEN in BCC 

Loss of PTEN function may be critical for BCC formation 
through activating Sonic Hedgehog (Shh) signaling. BCC at 
the molecular level, is characterized by aberrant activation of 
Shh signaling, usually because of mutations either in the 
patched (Ptc) or smoothened (Smo) genes (Reifenberger, 
2007), or because of hyperactivation of this pathway. It is 
interesting that PTEN may be critical for Shh signaling. 
Recent studies have shown that PI3K/AKT activation is 
essential for Shh signaling by controlling PKA-mediated 
Gli inactivation (Riobo et ai„ 2006). Although little is 
known regarding PTEN function in BCC, loss of PTEN 
function in BCC would upreguJate the PI3K/AKT pathway to 
stimulate even low-level ligand-dependent or ligand-inde- 
pendent Shh signaling caused by mutations in Hedgehog 
pathway components. Although deletions of 10q;23, 
where PTEN is located, were found to be an infrequent event 
In BCC (Quinn ef a/., 1994), the inactivation of PTEN by 
other mechanisms may play an important role in BCC 
development. 

PTEN in SCC 

The critical role of genetic PTEN suppression in SCC has been 
shown in humans and in mice. The tumor suppressing 
function of PTEN in SCC has been shown in patients with 
Cowden's disease, in vitro in human keratinocytes, and 
in vivo, using a chemical skin carcinogenesis model. The 
association of cutaneous SCC with Cowden's disease has also 
been reported (Nuss et al, 1978; Camlsa et a/,, 1984). The 
decreasing levels of PTEN expression are correlated with a 
malignant transformation of the skin induced by UVA 
(.31 5-400 nm), as shown by the formation of SCC in nude 
mice (He et a/., 2006). 

Mice with PTEN deletion and mutation are highly 
susceptible to tumor induction (Suzuki a el., 1998). 
Conditional knockout of PTEN in skin leads to neoplasia in 
skin {Li et a/., 2002; Suzuki et j/., 2003; Backman et a/., 
2004), thereby showing the pivotal role of PTEN in skin 
cancer development. PTEN deficiency in mice causes; 
increases in cell proliferation, apoprotrc resistance, stem-cell 
renewal/maintenance, centromeric instability, and DNA 
double-strand breaks (Groszer et a/., 2001; Kirnura et ai } 
2003; Wang el a/., 2006; He et al., 2007; Shen et a/., 2007; 
Yanagi et al., 2007), which can enhance susceptibility to 
carcinogens and the occurrence of secondary genetic or 
epigenetic alterations that can lead to skin cancer 
development. 

Complex mechanisms may mediate the inactivation of 
PTEN. Somatic mutations, deletion, or promoter hypermethy- 
lation of PTEN have not been detected in SCCs of human skin 
(Quinn et a/., 1994; Kubo et a/., 1999; Murao et a!., 2006). 
Thus, the inactivation of PTEN by other mechanisms may be 
involved in SCC pathogenesis, including inactivation of the 
protein and/or epigenetic silencing, and the mechanism(s) by 
which its function and activity are regulated remain to be 
established. 

Loss of PTEN function may occur as an early or late event, 
and PTEN loss has contributed to skin cancer development. 



Immunohistoehemical studies have shown that, in mouse 
skin tumors, PTEN immunoreactiviry was dearly confined to 
differentiating areas of the papillomas, and to the most 
differentiating areas in SCC samples, whereas PTEN staining 
is lost in non-differentiating infiltrative areas of SCCs, 
suggesting the expression and localization of PTEN in tumor 
sections that represent the different stages of mouse skin 
carcinogenesis (Segrellcs et al, 2002). 

PTEN in melanoma 

Loss of PTEN function has been implicated in the develop- 
ment of melanoma (Wu et si., 2003), A high frequency of 
PTEN mutations has also been detected in malignant 
melanomas (Bonneau and Longy, 2000), On the basis of 
melanoma, cell lines and mainly metastatic tumors, many 
studies also showed that PTEN played a significant roie in 
sporadic cutaneous melanomas (Tsao et a/., 1998). PTEN 
inactivation was a late event likely related to melanoma 
progression rather than to initiation, and the translocation of 
PTEN expression from nuclear predominance to cytoplasmic 
predominance occurs from melanocyte to primary melanoma 
to metastasis melanoma. The potential genetic interaction 
among NRAS. BRAF t and PT£N may play a critical role in 
melanoma development (Tsao et al, 2004), 

Loss of PTEN function also increases AKT3 activation in 
melanoma. AKT3 protein, but not AKT1 or AKT2 protein, was 
found to be increased in melanoma cell lines when 
compared with normal melanocytes. Mechanisms of AKT3 
deregulation occurred through a combination of overexpres- 
sion of AKT3, accompanying copy number increases of the 
gene, and decreased PTEN protein function, occurring 
through loss or haploinsufficiency of the PTEN gene (Stahl 
et «?/., 2004; Robertson, 2005). 

PTEN REGULATION BV UV RADIATION 
Recent studies show that UV radiation regulates PTEN 
function in skin cells. UV exposure causes gene alteration 
of PTEN (Hocker and Tsao, 2007). Inducing Egr~1 by 
exposing cells to acute UVC (1 00-280 nm) upregulates the 
expression of the PTEN messenger RNA and protein, and 
leads to apoptosis. Loss of Egr-1 expression, which often 
occurs in human cancers, could deregulate the PTEN gene 
and contribute to the radiation resistance of some cancer 
cells (Virolle eta/., 2001), 

Our recent evidence shows that chronic UVA radiation 
decreased PTEN expression, and this decrease is required for 
enhanced cell survival in the transformed human keratino- 
cytes, suggesting that PTEN might be critical for skin 
carcinogenesis induced by UVA "(He.et al., 2006). PTEN 
increases sensitivity to cell death in response to several 
apoptotic stimuli, including UV irradiation and treatment 
with tumor necrosis factor a, by negatively regulating the 
PI3K/AKT pathway (Stambolic et a/., 1998), implying that 
PTEN alterations might be involved in UV-induced skin 
cancer. UVB (280-31S nm) was also reported to inhibit PTEN 
by increasing PTEN phosphorylation in human dermal 
fibroblasts, as phosphorylation of PTEN downregulates its 
lipid phosphatase and protein stability (Oh et a/., 2006). Thus 
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UV-mcdiated inhibition nf PTEN function may further 
enhance AKT activation induced by UV radiation. 

Ir is fikely that multiple complex interactions at the 
transcriptional, post-transcriptional, and/or post-rranslational 
levels are involved. Systematic characterization of PTEN 
regulation by UV radiation will not only advance our 
knowledge of the fundamental mechanisms of PTEN involve- 
ment in skin cancer, but also facilitate the development of 
feasible approaches to prevent. PTEN suppression because of 
chronic UV exposure. 

Furthermore, UV-induced production of reactive oxygen 
species and the resultant oxidative stress exposure plays an 
important role in photocarcinogenesis caused by UV, and 
reactive oxygen species arc believed to be involved in many 
inflammatory skin disorders, skin cancer formation, photo- 
toxicity, and skin aging, PTEN activity can be inhibited by 
reactive oxygen species (Girnm el al, 2000), implying that 
reduced PTEN activity by UV-induced reactive oxygen 
species formation might be involved in UV-induced skin 
tumorigenesis. 

CONCLUSIONS AND FUTURE DIRECTIONS 
PTEN plays a critical role in skin homeostasis and is a 
critical tumor suppressor in the prevention of skin 
carcinogenesis, as shown in humans and in mice. This has 
positioned PTEN in a central role of* tumor suppression by 
antagonizing PI3K/AKT pathways in skin carcinogenesis. 
Proper function of PTEN is essential for maintaining the 
balance in cell proliferation and survival in epidermal cells, 
including keratinocytes and melanocytes in skin, to prevent 
transformation. 

In addition, UV radiation, the major risk factor causing 
skin cancer, suppresses PTEN expression, indicating that 
PTEN may be the critical target for UV-induced skin 
tumorigenesis. As skin cancer is the most common malig- 
nancy in the United States, elucidating the mechanisms of 
PTEN function, and its regulation and function in the 
pathogenesis of BCC, SCC, and melanoma will have a broad 
impact in improving patients' quality of life and reduce the 
high morbidity associated with these cancers. Targeted PTEN, 
directly or by interfering with upstream proteins regulating 
PTEN activity, presents a new and more effective preventive 
and therapeutic approach in reducing skin cancer burden, as 
suggested in other cancers. Recently, the protective nature of 
phytoestrogens has been shown to be partially mediated by 
increasing PTEN expression, indicating that PTEN may be 
one of the critical molecular targets for skin cancer 
prevention and treatment. 
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Neurofibromatosis 2 (NF2) is a tumor suppressor, although the mo- 
lecular mechanism accounting for this effect remains unknown. Mere, 
we show that merlin exerts its activity by inhibiting phosphatidyl- 
inositol 3-kinase (PI3-kinase), through binding to PIKE-L Wild-type 
merlin, but not patient-derived mutant (164P), binds PIKE-L and 
inhibits PI3-kinase activity. This suppression of Pl3-kinase activity 
results from merlin disrupting the binding of PIKE-L to Pl3-kinase. In 
addition, merlin suppression of PI3-klnase activity as well as schwan- 
noma cell growth is abrogated by a single PIKE-L point mutation 
(P187L) that cannot bind merlin but can still activate MB-kinase. 
Knocking down PIKE-L with RNA interference abolishes merlin's 
tumor-suppress ive activity. Our data support the hypothesis that 
PIKE-L is an important mediator of merfin growth suppression. 

Ncitrofibrom«lO$ii{ 2 (NF2) I* a dominantly inherited disorder 
characterized by bilateral occurence of vestibular schwanno- 
mas and other brain tumors, including meningiomas and ependy- 
momas (I). The NF2 Lumor suppressor gene encodes an intraccl- 
lular membrane-associated protein, called merlin or schwa niiomin, 
which belongs to the band 4J family of cytoskeleton-associated 
proteins (2, 3). Inactivation of the NF2 gene and consequent lack 
of gene expression are the primary cause of this disease, although 
the molecular mechanism nccounling for the tumor- suppressive 
activity remains unknown (4). 

Merlin, like other fcRM (czrin/radix/moesm) proteins, is highly 
enriched in mieoviili and fitopodia as well its the ruffling edges of 
motile cells (5, 6). Oveitixpression of merlin results in dramatic 
changes in the actin cytoskeleton find impairs cell attachment and 
motility (7). Moreover, it can effectively suppress the growth of rat 
schwannoma cells, both m vitro and in vivo (4, S). Knocking down 
merlin leads to alterations in aclin cytoskele ton -mediated events 
and increases cell proliferation (9). merlin exists in "open" (inac- 
tive) and "closed" (growth-snpprcssive) conformations dictated by 
the ability of merlin to form an intramolecular association between 
the N and C termini of the protein (10-13). The full-length merlin 
f containing exon 1.7 exists in a closed conformation, whereas 
merlin 11 with exon 16 or disease-oriented mutants display open 
conformation, merlin cycles between open and closed conforma- 
tions U\ ww that differentially determine whether it forms hetero 
oligomers with ERM proteins or other binding targets to transduce 
its growth-regulatory signal (14). Numerous merlin-binding part- 
ners have heen identified, but none of these molecules provides 
substantial clues as k) the tumor-suppressivc activity of merlin. 

PIKE [phosphatidylinositol 3-kinase (PT3-kinase) enhancer] is 
a brain-specific GTPase that binds to PI3-kinnse and stimulates 
its lipid kinase activity (15). It exists in three isol'orms. PIKE-S 
(Short form). PIKH^L (long form), and PTKE-A. as the result of 
alternative splicing (PTKE-L and -S) or a differential transcrip- 
tion initiiitton site (PTKE-A). PIKE-S originally was identified in 
a yeast twn-hybnd screen searching for binding partners of 
protein 4.1N. a neuronal member of the band 4.J. superfamily. 
Nerve growth factor treatment leads to PJKE-S activation by 
triggering the nuclear translocation of phospholipasc C yi , which 



acts as a physiological guanine- nucleotidc-exchangc factor for 
PIKE through its SH3 domain (16). Nerve grow trT factor treat- 
ment also elicits translocation of membrane-associated 4.1 N to 
the nucleus, where it binds to PIKE-S. We showed previously 
that the PIKE-S/PI3- kinase signaling pathway is negatively 
regulated by protein 4.1N (15). PIK.E-.L occurs in both the 
cytoplasm and the nucleus. Recently, wc showed that it forms a 
complex with Homer 1 and couples PTC-kinasc to the metahn- 
tropic glut am ate receptor, preventing neuronal apoplOSis (17). 

Here, we report thai merlin specifically binds to PFKE-L and 
abolishes its stimulatory effect on Pl3-kinnsc by blocking the 
association between PIKE-L and PLVkinase. Patient-derived mu- 
tant L64P merlin does not interact with PJKE-Lancl has no effect 
on P13-kina.se activity, Moreover, P187L mutation on PIKE-L 
disrupts its interaction with merlin, lending to its failure to inhibit 
PU-kinasc. 

Materials and Methods 

Plasmids and Reagents. GST-taggcd merlin, merlin (M-tcrmina! 
domain (NIT): residues 1-332), and merlin C-terminal domain 
(residues 342-595) in pGex vector were kindly provided by Vijaya 
Ramcsh (Massachusetts General Hospital, Harvard Medical 
School Boston). Mouse monoclonal antt-hemagglulinin (HA)- 
horseradish peroxidase, anli-Myc-horseradtsh peroxidase, anti- 
Flag, and anti-GST antibodies were from Sigma. Mouse monoclo- 
nal anti-Ser-473, anti-Thr-308. >md anti-Akt antibodies were from 
Cell Signaling Technology (Beverly. MA). Rabbit polyclonal anti- 
NF2. anti-p85, and antt-pUO antibodies were from Santa Cruz 
Biotechnology. Protein A/G-conjugated agarose beads were from 
Calbiocheni. Glutathione sepharose 4B was supplied by Amenrtiam 
Pharmacia. Adenovirus expressing short hairpin (sh)-PTKr3 RNA 
was supplied by Welgene (Worcester, MA). All chemicals not listed 
above were purchased from Sigma. 

Coimmunoprecipitatfon and in VHro Binding and PI3-Kinase Assays. 
The experimental procedures for coimmunoprccipilaliou and m 
vitrn binding and in t4m? Pl3-kinasc assays are described m rcf. .18. 

Immunofluorescent Staining of Schwannoma Cells. Induced and 
uninduccd cells were fixed with cold (~2(r°C) methanol for 5 min 
and then rehydvatcd by PBS for L min. Nonspecific sites were 
blocked by incubating with 200 pi of 1.% BSA in PBS at 37°C for 
15 min. PIKE-L was stained with mouse anii-PlKE antibody 
(1:300 dilution in PBS containing [% BSA) and incubated (200 
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Fig, 1. PIKE-L interacts with merlin. [A) The PERM 
domain of merlin binds to the n terminus of pike-l 
in vitro. (Top) Illustration of the PIKE constructs 
used. GST-merlin andGST-FERM domain of merlin 
bind to PlKE-l but not PIKE-A. {Middle) Purified 
GST- merlin and G$T-merIin-NTD wCrC in<ubo«d 
with hek_?93 ceil lyjares tr^njfected with various 
rnyt-tagged pike construes, After 3-h incubation 
at 4*C, the associated proteins were analyzed by 
Western blotting with anti-myc antibody. PIKE-L 
and PIKE-L N terminus (amino acid residues'! -3Bd) 
robustly binds to both merlin and merlin-NTD. The 
dominant-negative PlKE-L-KS displayed reduced 
binding activity to merlin, (Left Bottom) Protein 
expression of transacted constructs was confirmed 
by myc immunoblotting. {Right Bottom) Levels of 
GST-merlin recombinant proteins were verified by 
Coomajsle blue .tuning, (8) PIKE-L interacts with 
merlin in vivo. Various HA-merlin constructs and 
myc<P»KE-L were cotransfected into HEK293 cells. 
PIKE-L was irnmuno precipitated with anti-myc an- 
tibody, and bound proteins were visualized by 
Western blot with anti-HA antfbody. Cloth fult- 
length merlin and merlin NTO interacted with 
PIKI.-L (.eft Top, lanes 1 And 2). Patient-derived 
L64P mutant did not bind to PIKE-L {Right Top), 
Similar levels of all HA-merlln and myc-PiKU con- 
structs were expressed In all experiments (Middle 
and Bottom). ■ 



/u.1), and merlin was stained with rabbit polyclonal anti-NF2 
antibody 0:250 dilution). The secondary antibodies are Texas 
red-labeled goat anti-rabbit and f TTC-conjugatcd goat anti- 
mouse anybodies, respectively. The staining was performed as 
described in ref. .19- 

Subcellular Fractionation from Schwannoma Cells. For membrane 
extracts, cell* were lyscd by mechanical disruption jn cold 
hypotonic buffer (10 mM Hepes, pH 7.4/1 mM EDTA/prot;ease 
inhibitors). The nuclei were pelleted by ccntrifugation at 750 x 
g for 10 min. Further ccntrifugation of the resulting s supcrnalani 
al 1 X 10 5 X g lor .1 h (ed to recovery of the cytosolic fraction 
(C). The pellet was extracted with a membrane extraction buffer 
(50 mM Tris, pH 7.4/1 W Triton X-10U/15Q mM NaG/1 mM 
EDTA/1 mM Na^VO^'proteasc inhibitors) and centrifugcd at 
l^KFXi? for I h. This supernatant corresponded to the Triton 
X-.I00 soluble membrane extract (S). The final pellet was 
extracted with modified RIPA buffer (pH 7,5) and centrifuged 
a l 1 X 10 s X ^ for 5 min: this supernatant, corresponded to the 
Triton X400 insoluble fraction (T). 

Infection of Schwannoma Cells with Adenovirus. Adenovnus- 
expressing WT dominant*negative (K4J.3AS414N) Or P187L point 
mutant PIKE-L was prepared as described in ret. 20, The virus was 
purified by CsCl banding with l0 n to 10 C plaque-forming units, 
introduced into doxycyclrne-inducecl or un induced schwannoma 
ccDs» and cultured overnight. The CFP was monitored with an 
immunofluorescence microscope. 

Assay with 3-{4,5-DlTnethylthiatc*|.2-yl).2-5-Dlphenyl Tetraxolium Bro- 
mide (MTT). The same number of rat RT4-D6P2Tf*hw:jnnoma cells 
were induced with doxycydine Tor J day and infected with adeno- 



virus expressing WT PIKE-L, dominant-negative PTKE-L- KS, or 
PIKE-L-P187L Cells were incubated 4S h after infection with 0.5 
mg of MTT per ml of fresh medium at 37*0 for I h. The formazan 
products were dissolved in DMSO and quantified by measurement 
of the absorbance at 562 nm, which represents the number of 
proliferating cells. 

Statistical Analysis, The results were expressed as means ± SEM 
calculated from the specified numbers of determination. Student's 
/ test was used to compare individual data with control value. 

Results 

merlfn Binds to PIKE-L. The homology between protein 4.JN and 
merlin suggests that merlin might have similar inhibitory effects on 
PI3-kinase activity. To explore this possibility, we conducted affin- 
ity chromatography interaction experiments to investigate the as- 
sociation between PIKE and full-length merlin and delected a 
robust interaction with PIKE-L. This interaction maps to the N 
terminus of PIKE-L (amino acid residues 1-384), consistent with 
the failure of the PIKJE-A isoform, which lacks the N terminus of 
PIKE-L (21), to bind merlin w vitro (Fig. \A Left Ltmvr). Protein 
4.1 N binding to PTKE-L involves residues in the C terminus of 
protein 4.1N; thus, we examined the ability of the merlin NTD and 
C-terminAl domain fragments to bind PIKE-L. We showed thai 
merlin binding to PTKE-L requires residues in the FERM- 
containing NTD in vitro (Fig. I A Right Lower). Tji contrast, we 
observed no binding with the C-lcrminal domain of merlin (Fig. 
.1/3). We hnvc demonstrated previously tha t the association between 
PIKE-S and PT3-kina.sc is GTP-depcndent and can be abolished hy 
muhitions ol*K4.13 and S4J4 in the PIKE-L GTPftsc domain. The 
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Fig. 2. PfKE-L interacts with WT merlin jn schwannoma cells. CA) Rat RTA-D6P2T schwannoma cells Stably transected with empty vector (V,), merlin mutant 
L64P, or WT merlin (5<i and two clones) were either uninduced or Induced with do xycy dine for 1 day. One milligram of cell lysatewas Incubated with purified 
GST-PI KE-L- 1-384, AftC 3»h incubation at4 k C the associated proteins were analyzed by Western blotting wrth antl-NF2. (Top Upper) WT merlin, but not merlin 
muta nt L&4P, selectively binds to the N terminus Of P1K5-L. (Top Lower) Coimmunopreqlpltatlgn with antl-NF2 reveals that PIKE-L specifically associate? with WT 
merlin but not L64P mutant. (Bottom) The induced merlin was verified with anfl-NF^ antibody. (0) PIKE-L cofocalizes with WT merlin in schwonnoma cells. 
Uninduced and induced schwannoma cells were stained with mouse anti-PJKe antibody and rabbit polyclonal antl-merlln antibody. (Top) PIKE-L resides in both 
the cytoplasm and the nucleus. {Middle and SotfomJ Merlin L6<5F evcluJivcly distributes in the cytoplasm, whereas WT mclin occurs in both compartments, 
colocallzinq with PIKIM in 5j cell line. CO Subcellular fractionation of 5< and IMP cells. The cytosolic (C), memhr^ne <u>lublc (S), membrane insoluble (I), and 
nuclear (N) factions were prepared. Immunoblotting analysis was performed with anti-PIKE and antl-merlln antibodies. (Upper) Both WT and mutant merlin 
display similar distribution patterns In C. % and I fractions; by contrast, a very faint amount of l64pwas observed in the nucleus compared to counterpart in the 
wt cells, (tower) PIKE-L reveals Identical subcellular distribution. 



dominant inhibitory PFKE-L- KS mutant (K413AS414N) has been 
shown to prevent Pl.KE-L activation of PI3-kinase by binding to, but 
not activating, PI -Ulcinasc (15. 17). Wc showed that the PIKE-L-KS 
mutant exhibits moderately reduced binding la merlin, fajggesting 
that PIKE-L GTPa.sc activity might he importani in regulating the 
association beiween PTKE-L and merlin (Fig. IA Left U>wer). 

To demonstrate the interaction between merlin und PTKE-L in 
vivo, we per lot me d eoimmunoprecipitalion binding assays in 
HEK293 cells. In these experiments, both full-length merlin find the 
merlin NTD strongly bound to PIKE-L. Jn addition, merlin con« 
tain tag the patient-derived missense mutation (W4P) within the 
NTD. previously shown to ItfCk growth-suppressor properties (H, 
.1 2), did not bind to PIKE-L (Fig. W Right), 

To determine whether the interaction between merlin and 
PIKE-L occurs in schwannoma cells, we used the RT4-D6P2Trat 
schwannoma ceil line wiih inducible expression of either WT or 
Ui4P mutant merlin. Incubation of RT4 cell lysal.es with GST- 
PIKE-i-384 confirmed this interaction with WT, hut not L64P 
mutant, merlin (Fig. 2A). Wc observed identical results by coim- 
munopredpitation with agarose-conjugated ani.i-NF2 antibody in 
vivo (Fig. 2/1). The induction of merlin in L64P, 5.i, and 67 cells was 
verified (Fig. 2A), An equal amouni uf Pf.KE-L was confirmed in 
both induced and uninduced cells (Fig. 2A). 

To investigate whether PIKB-L and merlin colocalizc in intact 
cells, we conducted immunoriuorcsccnt staining with schwannoma 
cells. Before merlin induction, PIKE-L occurs in both fhc cytoplasm 
and the nucleus in V, control cells (Fig. in TopJ.Similarsubcellular 



distribution occurs in L64P. 5* and 67 cells (data not shown). The 
induced merlin L64P exclusively resides in the cytoplasm, whereas 
demonstrable PIKE-L locates in the nucleus (Fig. IB Middle), By 
contrast, WT merlin (5* cell line) colocalizcs with PFKE-L in the 
whole cell (Fig. 2B Botlom)>To further evaluate these two proteins' 
eolocalization, we performed subcellular fractionation with in- 
duced L64P and 54 cell lines. Both WT merlin and L64P display 
similar distribution in cyiosolic (C), membrane soluble (5), and 
insoluble (I) fractions. However, compared with robust nuclear 
distribution of WT merlin in 5 4 ceils, a faint omouni of mutant 
merlin disperses in die mtelcar fraction of L64P cells (Fig. 2C 
Upper), fitting with immuno histochemistry staining results. The 
modest level of L64P in the nuclear fraction might be due to 
unbroken cells. By contrast, the same distribution pattern of 
PIKE-L was detected in both cells (Fig. 2C Lower), Collectively, 
these results demonstrate that merlin and PIKE-L interact in vitro 
and in vivo and that this association requires residues in the N 
terminus of PI KE-L and the PERM (NTD) of merlin. 

Pro-187 -> Leu Mutation in PIKE-L Disrupts Its Interaction with merlin. 

To identify the region of PTKE-L required for merlin binding, we 
examined the binding of various truncations of PIKE-L to merlin in 
vitro, by using equal amounLs of GST-PIKE truncation constructs 
and merlin (Fig. 5A. which is published as supporting information 
on the PNAS web site). In vitro binding assay revealed that amino 
acid residues 180-225 of PIKE-L Appear to mediate binding to 
merlin (Fig. 55 flower). The expression of purified recombinant 
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UirtOtO. (A) TLC w« ;ij:eci to 3S5*y 
PI3-kinr»sp activity. KEK293 <dlb 
were transfectcd with the indi- 
cated expression constructs. PI3- 
kinose was immunoprecipitated 
by anti-p110 antibody and as- 
sayed for in vhro lipid kinase ac- 
tivity. (Top) Increasing amount of 
merlin progressively diminished 

PI3- kinase activity, but U34P failed 
to do so. (Middle) Gradually in- 
creasing levels of HA-merfrn was 
expressed in transfecled cells. 
(Bottom) Equal amount of Myc- 
pllO and Myc-PlK6-L was con- 
firmed by antl-my< Iromunoblol- 
ting. (B) merlin competes with 
PI3-kinase for binding to PIKE-L 
(Bottom) Myc-PIKE-L was immu- 
nopreci pita ted by anti-PIKE anti- 
body, and the coprecipltated 
HA-pfiS and HA-merlin were \t\$u- 
jrilisr by western blot with 
arrti-HA antibody. [Middle) Equal 
amounts of Myc-pllO and PIKE-L 
were confirmed whh anti-Myc an- 
tibody. {Top) Increased expres- 
sion of merlin was confirmed. (C) 
M<*rlln mediates Pl3'Una$e in 
schwannoma cells. TLC was used 
to assay PI3-kinase activity. Rat 
RT4-D6P2T schwannoma cells sta- 
bly transfected with empty vec- 
tor, merlin mutant L64P, or wr 
merlin (5< or 67) were uninduccd 
Or induced with dOxycyc line for 0. 
1, or 2 days. (First blot from top) 
PI3-Kinase activity is abolished by 
induced WT merlin, but not mer- 
lin mutant L64P, Aktand lt$ phosphorylation in thelyrete of schwannoma cells were analyzed. (Left, lower three blots) WT, but not patient-derived L64P, merlin 
blocks Akt phosphorylation. (Center and Right, lower three blots) The expression of Akt and induced merlin was verified. 
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GST proteirivS was verified (Pig. 5/3 Upper). Previously, we demon- 
strated that PIKE-L binds to Homer, an adaptor protein known to 
link roxtabotropic glutamale receptors to multiple intracellular 
targets including the inositol- 1,4,5-lrisphosphate receptor. Binding 
of Homer to PIKE-L mapped to a similar region in PIKE-L, and the 
PIKE-L P187L mutation disrupted the interaction between 
PIKE-L and Homer lc (17). In this study, we found that this same 
amino acid substitution also abolished the binding of full-length 
PIKE-L to merlin (Fig. 5t\ lane 2). Therefore. P187L mutation in 
PTKE-L abrogates its interactions with merlin. 

merlin competes with Pf3-Kinasefor Binding to PIKE-L Studies in our 
laboratory have shown thai OvCrc* predion of protein 4.1N abol- 
ishes the ability of PIKB-S lo stimulate PT3-kinase (15), To deter- 
mine whether merlin similarly could inhihit PIKE activation or 
.PT3-kinasc, we cotransfected increasing amounts of rneTlin with 
PIKE-L and PT3-k.ina$e into H.EK2.93 cells. Ootramfccted merlin 
significantly reduced PIKE-L-induced activation of Pl3-kjnase ac- 
tivity in a dose-dependent manner; by contrast, merlin L64P failed 
lo inhibit PT3-kinasc activity at the same concentration (Fig. 3/f). To 
evaluate whether merlin competes with PI3-kina.se for binding to 
PTKE-L we cransfeeiert increasing amounls of merlin along with 
pi 10, p85. and PIKE-L into HEK293 cells (Fig. Binding or p85 
to PIKE-L was dramatically reduced in proportion to the level of 
merlin expression. However, merlin (L64P) was unable to btack 
PT3-ktnase fix binding 10 PFKE-L (Fig. 3£). suggesting that merlin 
competes with PI3-kinasc for binding lo PTKE-L thus inhibiting 



PIKE-L rtClivntion of PI-3 kinase. In this model, if merlin impairs 
Fl3-kmase binding to PIKE-L. mcriin axprcssion should result in 
reduced FT3-kina.se activity in vivo. As predicted, we observed 
markedly reduced PJ3 -kinase activity in RT4-D6P2T r9t schwan- 
noma cells upon induction of WT merlin expression. High levels of 
P13-kinase activity were observed in all cells before merlin indue* 
tion. After induction of WT merlin expression, FI3-kinasc activity 
was diminished substantially in both the WT merlin- inducible 5« 
and 67 cell lines. In contrast, PI3-kinase activity was not altered in 
RT4 cells induced to express mutant L64P merlin (Fig. 3<T) ; 
consistent with the failure of this mutant to bind to PIKE-L. The 
inhibition of PI3-kinn.se activity in these cells is furllKr demon- 
strated by significant reductions in the phosphorylation status of 
Akt, a downstream effector of PLMctnase (Fig. 3Q- As seen before, 
no effect of mutant Lo4P merlin on Akt activation was observed. 
Therefore, merlin inhibits P13-kinase activity by compering with 
PD-kinase for binding to PIKE-L 

merlin Inhibits PO-Kinase and Schwannoma Proliferation Through 
PIK£>L We showed previously that PIKE-L containing the PLS7L 
mutation stimulates P13-kinasc as effectively as WT PIKE-L. In 
contrast, the dominant- negative PTTCE-L-KS mutant prevents stim- 
ulation of PT3-kinasc (17). To determine whether merlin suppresses 
PO-ktnase activity through PIKE-L we infected RT4-D6P2T 
schwannoma cells with control adenovirus or adenovirus cxprcssiru; 
WT PIKE-L, PIKE-L-KS, t»r PTKE-L-P187L and monitored PT3"- 
kinase activity upon merlin induction. Compared with control (V:) 
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Fig. 4. merlin suppresses PI3-kinase activity through PIKE-l. \A) TlC was used to assay PlJ-klngse activity in rat ftT4*06P2T schwannoma nc|l?, which were Infected 
with control adenovirus or adenovirus expressing WTPIKE-U PIKE-l-KS, or PIKC-U-P187C. Infection with WT PIKE-L or PIKE-L-P1B7L resulted in an increase in 
PI3-klnase activity compared with control infected. This effect was suppressed in the merlin-expressing clones 5< and 67. PI3-kinase activity was unaffected in 
merlin clones infected with P1KE-L-P187L or merlin mutant L64P infected with either WT or P187L PIKE-L. presumably because of the inablMty of merlin or PlKE-L 
to cointcract As expected, the dominant-negative mutant. PIKE-L-KS. inhibited PI3-kinase. (9) The number of proliferating rat pT4-D6P2Tschwanno*vi<elJ5 was 
measured by MTT assay. Cellular proliferation paralleled PI3-kinase activity. (Q Caipaae-3 activity n$$J>y, Empty vector <V t ), merlin mutant L54P, and WT merlin 
{5a and 6?) cells were induced for 3 days. Caspase-3 activity assay was conducted with 30 of protein From day 0 (gray bar) and 3 (black bar) samples. Induction 
of WT merlin substantially increases apoptosls compared with control or L64P mutant. (D) Knocking down PIKE-L abolishes the tumor-suppressive activity of 
merlin. The cells was Induced and Infected with adenovirus expressing sh-PIKE RMA. The expression of PIKE-L in both L64P and S 4 cells was decreased substantially 
upon infection of PIK6 RNA Interference (blots). Surprisingly, knocking down PIKE-L robustly increases cell proliferation In 5,, and 6, cells com pared with control 
and LS4P cells <9rapH). The results were expressed as means i. SEM calculated from five times of determination (P < 0.0$). 



Of mutant U54P merlin-expressing cells, WT merlin-expressing cells 
(5a 67) exhibited markedly reduced levels of PD-kinase activity 
(Fig. 4/1). Infection wilh WT PIKE-L resulted in an increase in 
PD-kinase activity compared with control infected cells, presum- 
ably due to PIKE-L enhancement of PJ3- kinase activity. This effect 
on PD-kinase activity was reduced in the mer I in-expressing 5a and 
67 cell lines, but the magnitude of reduction was identical to that 
ohserved in control-infected cells. In striking contrast, we observed 
a reversal of the merlin-induced reduction in PI3-kina.se activity in 
the 54 and 67 cell lines infected with PIKE-L-PIS7L consistent with 
the fact thai this mutant is incapable of binding to merlin hut can 
soil Stimulate PI3-kinase activity. As previously shown for the 
dominant inhibitory PJKE-JL-KS mutant, expression resulted in a 
dramatic decrease in PI3-kinasC activity in all cell lines. These 
results suggest that merlin inhibition of PI3-kinase activity operates 
through PIKE-L binding. 

To provide a functional (ink between merlin regulation of 
PI3-kinase and merlin growth suppression, we analysed cell growth 
upon expression of PIKE-L in inducible merlin-expressing conflu- 
ent UT4 cells in parallel experiments. In coutrol adenovirus- 
io/ected cells, substantial cell proliferation occurs in Vj and LG4P 
cells but not in 5a and 6? ccJls. Expression of PIKE-L escalates cell 
growth in four cell lines with smaller increases in 5 A and 6? cells than 
in Vt and L64P cells. Consistent with the PT3-kinasc regulation 
results, we observed a reversal of merlin growth suppression in the 
WT merlin-expressing RT4 cells upon the introduction of PTKE- 
L-PIS7L Infection of dominant-negative PIKE-UKS substantially 
inhibits all cell growth (Fig. 4#). 

To explore whether increased cell proliferation after the imro- 
duction of PIKE-L is related to enhanced cell survival, we moni- 

16204 | W«^v.prtdi.oi , g/cgi/doi/10.1073/pna*.OAn59'n02 



lored the basal rate of cell survival upon induction of merlin. 
Ca$pase-3 activity assay dernonstrflled that expression of WT 
merlin triggers an +*40-K)% apupiotic activity increase in 67 and 5< 
cells at day 3 after induction vs. clay (I, whereas no significant 
increase was observed in confrol (V 1) or L64P cells (Fig, 4C). These 
observations are consistent with previous reports that merlin ex- 
pi-ession results in increased cell death (22, 25), 

Induction of WT, but not mutant, merlin suppresses cell prolif- 
eration (Fig. 4B). If PIKE-L plays a critical role in mediating 
merlin's lumor-supprcssivc activity, then knocking down PIKE-L 
expression in schwannoma cells should compromise this effect. 
Accordingly, we prepared an adenovirus expressing sh-PIKE RNA 
to inhibiC PIKE-L expression. As expected, PIKE-L was successfully 
decreased upon infection in both 5 4 and L64P cells; by contrast, 
«■ tubulin was not affected (Fig. 40). Strikingly, cell proliferation 
assay showed that both WT merlin cells present ~200% growth at 
day 3 compared with day I), whereas "*175% and 145% increases 
were observed on control and I.j64P cells, respectively (Fig. 4D). 
indicating that WT merlin, instead of suppressing cell growth, 
provokes cell proliferation in the absence of PIKE-L Collectively, 
these observations demonstrate that merlin growth suppression is 
mediated in part by binding to PIKE-L and its inhibitory effects on 
PD-kinasc activation. 

Discussion 

Our findings that PIKE-L mediates the tumor-supprcssivc activity 
of merlin through PD-kinase provide a molecular mechanism that 
may account for the negative growth regulatory function of merlin. 
WT PIKE-L robustly binds to merlin. By contrast, GTPase mutated 
dominant-negative PJKE-L-KS faintly associates with merlin (Fig. 

Rons et al. 
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1). suggesting thai the interaction between merlin and PIKE-L is 
mediated by the GTPase activity. Our previous sludy revealed that 
P1KE-L-KS binds to Ptf-k.ina.se but prevents its activation (17). WT 
PIKR-L-triggered PB-kinasc activity was decreased substantially in 
WT merlin-induced cells compared *ith L64P and control cells 
(Fig. 44). indicating that PU- kinase activity is regulated by merlin/ 
PIKE-L interaction. However, expression oi'PIKE-L-KS in schwan- 
noma cells potently inhibited PLVkinase activity in alJ cells, regard- 
less of WT or muUint merlin induction (Fig. 4/1). suggesting that 
merlin does not interrupt the effect oi : PTKE-L-KS on PI3-kina$o. 
This effect correlates with its crippled binding activity to merlin 
(Fig. I). 

The PERM domain q\ merlin binds to the N terminus of PIKE-L 
(Fig. 1). Both PIKE-L and -S isd'orms share the same N-terminal 
region, suggesting that P.TKr>$ also might bind to merlin. As 
predicted, our in vitro binding assay with GST-PIKE-5 revealed that 
these two proteins interact with each other. Moreover, this inter- 
action also was observed in coimmunoprecipitation assays in Irans- 
fecled HEK293 cells (dala not shown). However, PIK.FL-S was not 
delected in schwannoma cells, filling with the previous finding that 
PIKERS predominantly occurs in neuronal tissue (15). Given the 
high sequence conservation between merlin and ERM proteins in 
the FERM domain, it is possible that PIKE-L also might bind (o 
other ERM proteins, merlin is directly phosphorylated on Ser-5l8 
by members of the p2J -activated kinase (PAK) family of kinases 
including PAKl and PAK2 (24, 25). Recently, we showed thai a 
merlin mutant that mimics Ser-518 phosphorylation (S5.I.8D) can- 
not suppress cell growth or motility in RT4 rat schwannoma cells 
and results in dramatic changes in cell morphology and actin 
cylOiikeleton organization (26)~ Consistently, $518T> mutation at- 
tenuated the interaction between merlin and PIKE-L compulsed 
with WT and S518A merlin (dala not shown), 

To determine how merlin functions as a growth suppressor, 
several groups have used yeast Iwu-hybrid cloning to identify novel 
merlin "partners, including C.D44 (27. 28), j8t I spectrin (29), 
SCHIP-1 (50), hepatocyte growth factor-regulated tyrosine kinase 
substrate (H.RS) (31), NHE-RF (32), and i3i-integrfo (33). Among 
the merlin-associated proteins. CD44 and WR$ urc the potential 
candidates mediating the growth suppressive activity of merlin, At 
high cell density, merlin becomes hyrx>phosphorylaled and associ- 



ates with the cytoplasmic tail arCl>44 and inhibits cell growth in 
response to HA. At low cell density, merlin is phosphorylatcd, is 
growth permissive, and exists in a complex with czrin. moesin, and 
CD44 (28). Hepatocyte growth factor is one of the most potent 
mitogens for Schwann cells and also promotes cell motility (34). 
MRS specifically interacts with Ihe C-tenninal domain of mcTlin. 
Merlin inieracts'with HRS in the unfolded, or open, conformation. 
However, merlin binding to MRS does not negatively regulate HR5 
growth suppressor activity (.14). 

In addition to cell-growth regulation, merlin regulates actin 
cyloskeleton-mcdiatcd Junctions, such as spreading, motility, and 
attachment. Accordingly, merlin has been implicated in Rac/Cdc42 
signaling (25, 35). Recently, merlin has been shown to inhibit 
directly the Rac/CDC42-dcpendenl. Scr/Thr kinase PAKl. which 
is essential for both Kas transformation and neurofibromatosis type 
1 (36, 37). Moreover, merlin also hn.s been suggested to inhibit 
Ras/mitogen-MCttvnted protein kinase cascade (38). Our findings 
that merlin specifically binds to PIKE-L and abrogates PIKE's 
ell'ects on Pl.Vkinase provides further evidence that merlin acts as 
a tumor suppressor by antagonizing the P[KE/PT3-kinase pathway. 
The discovery that merlin regulates cell growth through PI3- 
kinaSc/Akl -media ted signaling pathways is intriguing in light of the 
established relationship between other FERM -containing proteins 
and apoptosis (39. 40), Although most previous studies uf merlin 
function have focused on the ability Of merlin to reduce cell 
prolific rati on, merlin expression also can result in increased cell 
death (22). Transduction of merlin into human schwannoma cells 
was found to decrease cell growth by inducing apoptosis (23). The 
PI3-kinase/Akt pathway plays an essential role in promoting cell 
survival in various cell types. In this fashion, merlin expression 
would result in decreased PDCE-induced PLVkinase activity and 
decreased Akt activation, culminating in increased cell death. Thus, 
our studies, to out knowledge, provide the first mechanistic insights 
into how merlin might regulate cell growth by modulating P13- 
kinase/ Akt pathway. 

We thank Drs, Helen Morrison and Peter HcrHk-h (Knrlsruhc, Germany) 
for the WT merlin inducible RT4 schwannoma cell lines. This work was 
supported by Department of Defense New Investigator Award NF(t20O13 
(to K.Y.) and National Institutes of Health Grant R0I-NS35848 (to 
U.H.O.). 
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Positive feedback regulation between AKT activation and fatty acid 
synthase expression in ovarian carcinoma cells 
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Activation of AKT and ovcrcx prcssion of fatty acid 
synthase (FAS) are frequently observed in human ovarian 
cancer. To explore a possible connection between AKT 
and FAS, immunohistochemical analyses were conducted 
on an ovarian cancer tissue microarray, which revealed a 
significant correlation between phosphorylated AKT 
(phospho-AKT) and expression of FAS. To investigate 
the relationship between phospho-AKT and FAS in vitro, 
a variety of experiments employing a specific phosphati- 
dylinositol 3-OH kinase (PI3K) inhibitor (LY294002), 
inducible PTEN expression in PTEN-mXl cells, or AKT1 
siRNA demonstrated that phosphatidylinositoI-3 kinase 
(PI3K)/AKT signaling modulates FAS expression. In 
contrast, inhibition of FAS activity by the dru^ C75 
resulted in downrcgulation of phospho-AKT and increased 
cell death. To explore the functional relationship between 
phospho-AKT and FAS, we used SKOV3, C200, and 
OVCAR10 ovarian carcinoma cells, which have constitu- 
tively active AKT, and OVCAR5 cells, which have very 
low basal phospho-AKT levels. Treatment with LY294002 
abolished AKT activity and potentiated apoptosis induced 
by FAS inhibitors cemlenin or C75 only in cells with 
constitutively active AKT, suggesting that constitutive 
activation of AKT protects against FAS inhibitor-induced 
cell death. Furthermore, inhibition of FAS activity by 
cerulenin or C75 resulted in downregulation of phospho- 
AKT, which preceded the induction of apoptosis. To 
investigate the relationship between phospho-AKT and 
FAS in vivo, severe combined immunodcficient mice 
injected intraperitoneal^ with SKOV3 cells were treated 
with C75. Growth of SKOV3 xenografts was markedly 
inhibited by C75. Analysis of the levels of phospho-AKT 
and FAS in C75-treated tumors revealed concordant 
downrcgulation of phospho-AKT and FAS. Collectively, 
our findings are consistent with a working model in which 
AKT activation regulates FAS expression, at least in part, 
whereas FAS activity modulates AKT activation. 
Oncogene (2005) 24, 3574-3582. doi: 10. 1038/sj.ona 1208463 
Published online 4 April 2005 
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Introduction 

Ovarian cancer is the most common cause of death from 
gynecologic cancer among women in Lhe United States. 
Recurrent molecular genetic alterations seen in ovarian 
cancer include MYC amplification, TP53 and KRAS 
mutations, overcxpression of HER2jneu, and germlinc 
mutations of BRCA1 and BRCA2 (Aunoblc et aL, 
2000). In addition, phosphatidylinositol 3-OH kinase 
(PT3K) amplification has been reported in some ovarian 
carcinomas and ovarian cancer cell lines and is 
accompanied by increased PI3K. activity (Shayesteh 
et aL, 1999; Philp a aL, 2001). We previously demon- 
strated amplification and/or overcxpression of the 
AKT2 oncogene in human ovarian cancers (Cheng 
et aL, 1992). and A.KT2 and AKT! kinases are 
frequently activated in primary ovarian carcinomas 
(Yuan et. aL, 2000; Sun et ai y 2001). Numerous studies 
have established that AKT activation promotes cell 
survival and enhances tumor cell growth and invasive- 
ness (Datta et aL, 1999; Testa and Bellacosa, 2001). 
Moreover, active AKT has been shown to confer 
resistance to chemotherapy and radiation in cell lines 
derived from a variety of tumor types (Ng et aL, 2000- 
Page et aL, 2000; Hu et aL, 2002), and LY294002, a 
potent inhibitor of the PI3K/AKT pathway, inhibits 
growth of ovarian carcinoma cells in culture or as 
xenografts in nude mice (Hu et a!.. 2002), 

Fatty acid synthase (FAS) is a multifunctional 
metabolic enzyme that catalyses the terminal steps in 
the synthesis of long-chain saturated fatty acids. The 
production of fatty acids supports membrane synthesis 
in proliferating cells (Jackowski et aL, 2000). In normal 
cells, FAS is expressed at low levels due to the presence 
of abundant amounts of dietary lipids. However, 
increased levels of FAS are found in a wide array of 
solid tumors including carcinomas of the breast (Alo 
et aL, 1996), prostate (Epstein et aL, 1995), ovary 
(Ganslcr et aL, 1997: Alo et a). % 2000), stomach 
(Kusakabc et aL, 2002), and lung (Piyathilakc et at., 

2000) , as well as in mesotheliomas (Cabrtelson et aL, 

2001) , retinoblastomas (Camassei et aL, 2003a) and 
nephroblastomas {Camassei et aL t 2003b). Overcxpres- 
sion of FAS appears to occur very early in cancer 
development and is more pronounced in clinically 
aggressive cancers (Gansler et a/., 1997). Inhibition of 
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FAS activity preferentially inhibits tumor cell growth 
and induces apeptosis in breast cancer (Pizer et al. y 
I99<?a; Pizer et al., 1998), prostate cancer (Pteer ct ai t 
2001; De Schrijver et a/., 2003), and mesothelioma cells 
(Gabrtclson et a/., 2001). FAS appears to provide a 
selective proliferative advantage; thus, FAS has become 
a promising target for anticancer drug development, 

PI3K/AKT signaling has been implicated in the 
regulation of FAS expression in breast cancer cells 
(Yang et a!. h 2002), prostate cancer ceils (Van dc Sandc 
et o/., 2002), and adipocyte/3T3 colls (Wang and Sul, 
1998). However, to date, a connection between down- 
regulation of AKT expression and decreased FAS 
protein has not been documented, nor has it been 
shown that inhibition of FAS activity can inhibit AKT 
activation. Tn this report, we address the relationship 
between AKT and FAS in human cancer cells. We show 
that PI3K/AKT signaling regulates FAS expression, 
based on in vitro studies employing a variety of 
experimental tools including a specific PI3K inhibitor, 
a /'TEW-deficient cell line stably transected with an 
inducible PTEN construct, and AKTI siRNA. In 
addition, inhibition of FAS activity by the drug C75 
resulted in downrcgulation of pbospho (active)- AKT 
and increased apoptosis. Based on these findings, we 
propose a positive feedback loop between AKT activa- 
tion and FAS expression. 



Results 

To investigate the relationship between increased AKT 
activity and overexpression of FAS in human ovarian 
carcinomas, wc performed immunohistochcmical ana- 
lyses or phosphorylated AKT (pho$pho-AKT) (Ser473) 
and FAS on an ovarian cancer tissue microarray. We 
found that 21 of 31 (68%) tumor specimens expressed 
elevated levels of phospho-AKT, and 25 of 31 (80%) 
expressed FAS (Tabic I), All 21 cases with elevated 
phospho-AKT also expressed FAS (/ > <0.00l, Fisher's 



AKT activation regulates fatly acid synthase expression ffffe 
HQ VVBng et at ^ 

~~ ~ 3575 
Table t Expression gF FAS is significantly correlated with thai of 
phospho-AKT in a series of ovarian anreinomas* 

FAS positive FAS negative TtHtl 



exact test; / 5 <0000l, Jonckhccrc-Terpstra test). 
Among these, six with highest FAS staining also stained 
most intensely for phospho-AKT. Four tumors that 
expressed FAS did not show elevated staining for 
phospho-AKT. Six tumors were negative for both 
phospho-AKT and FAS protein. Figure 1 depicts; serial 
sections of two representative tumors with intense 
staining for both phospho-AKT and FAS in tumor 
colls but not in adjacent stromal tissues. Collectively, 
these data indicate a significant correlation between 
AKT activation and FAS expression in this s series of 
ovarian carcinomas. 

Since phospho-AKT was present in most FAS- 
positive ovarian carcinoma specimens, the presence of 
phospho-AKT may contribute to the expression of FAS 
in this subset of tumors. To test this hypothesis, we used 
several ovarian cancer cell lines that tinder serum 
starvation conditions, exhibit constitutively active AKT 
(phospho-AKT), to determine if phospho-AKT affects 
FAS expression. First, serum-starved S.KOV3 cells were 
treated with different concentrations of LY294002. As 
shown in Figure 2a, FAS protein levels as well as 
phospho-AKT levels decreased significantly after treat- 
ment with LY294002 in a dose-dependent manner. 
Similar to SKOV3 cells, FAS protein levels in 



AKT positive 21 0 2\ 

AKT negative 4 0 10 

Total 25^ 6 31 

tmmunohistochcmicai staining was performed on an ovarian cancer 
tissue microarray with antibodies against phospho-AKT and FAS, 
Based on the scoring system described in Materials and methods, 
scores of 2 or 3 were considered nasi live tor phospho-AKT and FAS, 
and scores of 0 or I were considered negative. "/ > <0.0l as determined 
by Fisher's exact test; P<0.00(U a,s determined by the Jonckhcerc- 
Terpslra test 



Phospho-AKT 



Negative 



FAS 




~™ ( n£^u Pra5, °'' """^"V" 1 AKT acl.vat.Oll in human ovarian carcinomas, trnmunohistochemical staining of two 
Ta^rT^h ^rr a * v?°« £5« ,n TT,?"£ r U ". UC '"'""array- Serial sections of an ovarian cancer tissue microarray 
n^nh,vAKTr^^ P ?l ^ T <** 73 > ""^V ( L : a " rt FAS antibod ? Vf***"- Nc * ativ « «otn* were incubated with 
phospho-AKT (Scr473) antibody prcabsorbed with a phospho-AKT (Scr473) blocking peptide. Magnification x 200 
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Figure 2 FAS expression is dependent on PI3K/AKT signaling, 
(a, b) Inhibition of PI3K/AKT by LY294O02 resulted in n 
significant decrease of FAS protein in SKOV3 cells (a) and 
OVCARJO cells (b). SKOV3 and OVCAftlOcells were treated with 
the indicated concentrations of LY2940O2 or with DM SO as a 
vehicle control. After 48 h, total cellular extracts were prepared. 
Equal amounts of protein were subjected to Western blot analysis, 
(c) PTEN induction resulted in decreased phospho-AKT and FA 5 
protein levels in JT-30J 5 cells. rT-30U cells were cultured with or 
without doxycyclinc (2^g/irtl) for 24 or 48 h. Whole cell lysatc* 
were prepared and subjected to Western blot analysis, (d) AKTI 
siRNA transfection of HEK293 cells resulted in decreased AKTI 
and FAS protein levels, but not AKT2 protein levels. HKK293 cells 
were transfected with AKTI siRNA or control siRNA, At 60 h 
after transfection, whole cell lysatcs were prepared and subjected to 
Western blot analysis 



OVCARIO cells also decreased after treatment with 
LY294002 (Figure 2b). However, LY2940O2 treatment 
did not result in a significant decrease of FAS protein 
levels in OVCAR4 and OVCAR5 cells, which do not 
exhibit constitutively active AKT under serum starva- 
tion conditions (data not shown), Next, we used an 
endometrial carcinoma eel) line (IT-301 5) derived from 
PTEN-rui}) Ishikawa cells, IT-301 5 is engineered to 
express PTEN in a tctracycline-dcpcndent manner. 
When PTEN expression was induced by the tetracycline 
analog doxycyclinc, both phospho-AKT and FAS levels 
decreased (Figure 2c). To confirm that the effects of 
doxycyclinc on FAS expression arc due to PTEN 
induction and not doxycycline treatment done, parental 
Isshilcawa cells were treated with doxycycline for 24 and 
48 h, and no changes in phospho-AKT and FAS levels 
were observed at either time point (data not shown). To 
further explore the role of AKT in regulating FAS 
expression, wc used HBK293 cells, which have conar.i- 
tutively active AKT and high transfection efficiency. By 
using AKTI and AKT2 isoform -specific antibodies, we 
found that AKTI is the predominant AKT isoform in 
293 cells (data not shown). AKTI siRNA was intro- 
duced into HEK293 cells, which resulted in a 60% 
reduction in AKTI protein expression levels and a 50% 

Oncogene ' 



reduction in FAS expression at 60 h post-transfection 
(Figure 2d). AKT2 levels were not affected by AKTI 
siRNA (Figure 2d). To our knowledge, this is the first 
demonstration that downrcgulation of AKTI leads to 
decreased expression of FAS. Collectively, the data 
summarized above indicate that PI3K/AKT signaling 
regulates FAS expression, and that AKT is a regulator 
of FAS expression. 

Since the mitogen-activated protein kinase (MAPK) 
pathway has been shown to be involved in H-ras- 
mediated upregulation of FAS expression in breast 
carcinoma cells (Yang et al. t 2002), we tested whether 
the MAPK pathway is also involved in the regulation of 
FAS expression in SKOV3 cells. Treatment of SKOV3 
cells with the MAPK inhibitor PD 9S059 did not altcr 
FAS protein levels (data not shown), which indicates 
that the MAPK pathway is not involved in the 
regulation of FAS expression in this cell line. 

To determine if FAS inhibition induces cell death in 
ovarian cancer cells, SKOV3, C200, and OVCARIO. 
each of which exhibits constitutive ly active AKT under 
serum starvation conditions, were treated with cerule- 
an, a naturally occurring FAS inhibitor (D'Agnolo 
ct a(. y 1973). Ccrulenin at a concentration of 3/ig/ml 
induced cell death in SKOV3, C200, and OVCARIO 
cells, but the amount of cell death differed among the 
cell lines (Figure 3a, d, and e). SKOV3 cells, which have 
the highest phospho-AKT levels, were the most sensitive 
to ccrulcnin, suggesting that endogenous AKT activity 
may be predictive of sensitivity to FAS inhibition. 
Similarly, Brognard ct al (2001) have demonstrated that 
lung cancer cell lines with constitutivcly active AKT arc 
highly sensitive to chemothcrapeutic drugs and radia- 
tion. As expected, treatment of ovarian carcinoma cells 
with the Pf3K inhibitor LY294002 abolished AKT 
activity, consistent with AKT activation being PI3K- 
dependent. A marked increase in cerulenin-induced 
apoplosis was observed when LY294002 and ccrulenin 
were added simultaneously in ovarian carcinoma cells 
with constitutively active AKT {SKOV3, C200, and 
OVCARIO) (Figure 3a, d, and c). Tn contrast, cerulenin 
at 3 ^g/ml did not induce apoptosis in ovarian carcino- 
ma cells without constitutively active AKT (OVCAR5), 
and no increase in ccrulentn-induccd apoptosis was 
observed when combining cerulenin with LY294002 in 
OVCAR5 cells (Figure 4a). To exclude the possibility 
that the additive effects of LY294002 and cerulenin 
correlate with additive decrease in FAS level, we 
examined the levels of FAS expression after treatment 
of SKOV3 cells for 48 h with cerulenin or LY294002 
alone, or with a combination of ccrulenin and 
LY294002. As shown in Figure 3b, cerulenin alone did 
not decrease FAS protein levels. In contrast, LY294002 
treatment resulted in decreased FAS expression, but no 
further decrease was observed when cerulenin and 
LY294002 were combined. Tn addition, to confirm that 
apoptosis occurred in SKOV3 cells treated with 
cerulenin or LY294002 alone, or with a combination 
of ccrulenin and LY294002, immunoblot analysis was 
performed to determine the levels of active caspase-3. As 
shown in Figure 3c, active caspase-3 was induced by 
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Figure 3 Inhibition ofPI3K/AKT signaling potentiates apoptosis 
induced by ihc FAS inhibitors in ovarian carcinoma cells with 
constiiutivcly active AKT. (a) ELISA analysis of ccrulenirt-induccd 
apoptosis in the presence or absence of LY2M]02 j n SKOV3. Celts 
were treated with ccnjlcnin (CER. 3//g/nil> with or without 
LY294002 for 48 h in scrum-free medium, The cells were lyscd 
and the supernatant was used for EUSA analysis of DNA 
fragmentation. Data arc shown as mcanfs.d. fa = 4). m P<Q.0S 
versus control treated alls; ♦♦F<0.fJ5 versus cenjlcmn.trcated cells 
by Student's t-tQsx. The inset shows representative Western blots 
for phospho-AKT and total AKT (C represents DMSO as a vehicle 
control and LY represents LY294002). For Western blot analysis, 
cells were Starved for 20 h in scrum-free medium in the absence or 
presence of LY294002 (LY» 20/<m): whole cell homogenates were 
prepared and Western blot analyses of phospho-AKT and total 
AKT (T-AKT) were performed as described in Materials and 
methods. (I>) Western blot analysis of FAS protein after treatment 
with LY294002 (L Y) and cerulcnin (CER) for 48 h. (c) Western 
blot analysis of active caspasc-3 protein after treatment with 
LY294002 (LY) and ccnilcnin (CER) for 4H h. (d, c) ELISA 
analysis of ccrulenm-induccd apoptosis in the presence or absence 
of LY294002 in C200 (d) and OVCAR10 (e) cells. (0 EU5A 
analysis of FAS inhihitor C75-induocd apoplosis in the presence or 
absence of LY294(102 in 5KOV3 Cells. Cells were treated with CIS 
a I concentrations of O.o or 1 ,2/ig/ml, with or without LY 294002 for 
43 h in scrum-free medium, and the cells were lyscd and the 
supernatant was used for ELISA analysis of DNA fragmentation 
Data are shown as mc?m±s.<L (»= 3), •P<0.0S v<?™* C75-treated 
cells by Student's r-tcu 



treatment with either ccrulenin or LY294002 and was 
further increased when LY294002 and cerulcnin were 
combined. 

Next, we tested the effect of C75, a synthetic, 
chemically stable FAS inhibitor (Kuhajda et ai. 2000) 
on SKOV3 and OVCAR5 cells. Wc found thai C75- 
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Figure 4 Ovarian carcinoma cells without const i tut ively active 
AKT arc resistant to FAS and PI3K/AKT inhibitor-induced 
apoptosis, (a) ELISA analysis ofccrulcnin-induccd apopiOiis in the 
presence or absence of LY294002 in OVCAR5 cells. Cells were 
treated with cerulcnin (CER, 3^ fi /ml) with or without LY204002 
for 48 h in serum-free medium. The celt? were lyscd and the 
supernatant was used for ELISA analysis of DNA fragmentation. 
Data arc shown as mean * s.d. f/i = 4). (b)' ELISA analysis of FAS 
inhibitor C75-induccd apoptosfs in the presence or absence of 
LY294002 in OVCAR5 cells. Cells were treated with CIS at 
concentrations of0.fi or l.2pg/ml, with or without LY2940O2 for 
48 h in serum-free medium, and the cells were ly.scd and the 
supernatant was used for ELISA analysis of DNA fragmentation. 
Data are shown as mcan±s.d. (n~y\ 



induced apoptosis was significantly increased by inhibi- 
tion of PI3K/AKT signaling in SKOV3 cells (Figure 3f). 
but not in OVCAR5 cells (Figure 4b). These results 
indicate that PI3K/AKT inhibition increases FAS 
inhibitor-induced apoptosis in cells with constitntively 
active AKT. 

Fatty acids synthesized by FAS arc incorporated into 
membrane phospholipids. Inhibition of FAS by C75 or 
FAS siRNA results in decreased phospholipid content in 
the membrane (Swinnen et a/., 2003). Since activation of 
AKT relies on membrane phospholipids, we next tested 
if inhibition of FAS activity affects AKT activation. 
SKOV3 cells were $crum-starved overnight and treated 
with C75 for 6, 12, and 24 h. C75 treatment resulted m 
markedly decreased levels of phospho-AKT at 12 h } and 
this was sustained to 24 h (Figure 5a). Total AKT levels 
remained unchanged following treatment with C75. 
Phospho-AKT levels could also be downregulatcd by 
cerulenin treatment (Figure 5b). In order to show that 
the decrease of phospho-AKT is not due to cytotoxicity 
of C75, we counted viable cells by Trypan blue exclusion 
assay. The percentage of viable cells at 12h (93% ±1.83) 
and 24 h (95% ±0.95) post-C75 treatment did not differ 
from that observed in control cells (94% ±1.93). In 
addition, wc did .not observe any active caspasc-3 or 
cleaved PARP product at 12 or 24 h post-treatment with 
CIS (data not shown). Collectively, these findings 
indicate that the C75-induced decrease in phospho- 
AKT is not due to general cytotoxicity. 

Oncogene 
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FiRtirc S FAS inhibitors down regulate phospho-AKT levels in 
SK.OV3 cells in vitro, (a) SKOV3 celts were surved in scrum-free 
McCoy's 5A medium overnight and treated with 5^g/ml CIS for fi, 
12, and 24 h, (h) SKOV3 cells were starved in scrum-free McCoy's 
5A medium overnight and treated with ccrulcnin (CER) at 2.5 and 
5-0j*g/ml for 24 h. Whole cell lysutcs were prepared and Western 
blot analyse* of phospho-AKT and total AKT were Curried our. as 
indicated in Materials and methods 



Cerulcnin has previously been shown lo inhibit tumor 
progression, including formation of ascites in an ovarian 
cancer xenograft model (Pizcr et a/., 1996b). To test the 
effect of the newer synthetic FAS inhibitor CIS on 
SKOV3 xenografts in female severe combined immuno- 
deficrent (SCID) mice, individual animals were injected 
intraperitoneal^ (i.p.) with 5 x to* SKOV3 cells, After 1 
week, mice were treated with C75 at a weekly dose of 
20mg/kg, or with 5% DMSO in PBS as a vehicle 
control. After 4 weeks of treatment, mice were 
killed and the tumors were collected. Fn addition to a 
large primary tumor, each vehicle-treated mouse 
developed multiple tumor nodules attached to the 
spleen, liver, or pancreas (mean number, 4.6 ±1.6 
tumors per mouse). However, most of the C75-trcated 
mice developed only a single visible tumor (Figure .6a), 
which was usually located immediately below the 
stomach. C75-treatcd mice exhibited a 50% reduction 
in total tumor weight compared to vehicle-treated mice 
(Figure 6b). 

Since C75 treatment induced a reduction in phospho- 
AKT levels in SKOV3 cells in vitro, wc Lasted whether 
treatment with C75 resulted in reduced phospho-AKT 
levels in vivo. We analysed phospho-AKT and FAS 
levels in primary tumors derived from vehicle-treated 
mice and tumors from C75-treated mice by Western blot 
analysis. Markedly decreased levels of both phospho- 
AKT and FAS were observed in four of six C75-treatcd 
tumors (Figure 6c). Densitometry analysis revealed that 
the overall phospho-AKT and FAS expression levels 
observed in the six C75-trcatcd tumors were significantly 
lower than in the control tumors. In two tumors, 
phospho-AKT and FAS levels did not decrease. We 
speculate that these two tumors acquired additional 
genetic or epigenetic changes during the numerous 
generations required for tumor formation, which may 
have rendered them insensitive to C75. Despite thus 
discrepancy, it is notable that the amount of phospho^ 
AKT was concordant with the level of FAS expression 
in all six tumors. Tn order to show that the decrease in * 
phospho-AKT and FAS levels was not due to loss of 
tumor tissue through necrosis, all tumors were evaluated 
histologically, Wc did not observe any difference in the 
extent of necrosis between control and C75-trcatcd 
tumors. 
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Figure C75 inhibits SKOV3 tumor growth in a mouse xenograft 
model ond downrcgulatc? phospho-AKT levels in i»/w>. (n) C75 
treatment results in decreased tumor numbers, (b) C75 treatment 
results in decreased tumor weight. SCID mice ut 6 weeks of age 
were injected i.p. with 5 x 10 e SKOV3 cells. After t week, mice were 
treated with C75 at 2fJmg/kg/dosc or with 5% DMSO in PBS as u 
vehicle control. After 4 weeks of treatment, mice were killed and 
tumor numbers (a) and tumor weights (h) were determined. 
*P<0W compared to vehicle-treated mice by Student's r-tcst. (c) 
C75 treatment results in decreased phospho-AKT and FAS protein 
levels in vivo. Whole cell homoEcnatcs of individual tumor were 
prepared, and Western blot analyses of FAS. phospho-AKT. total 
AKT. and actin were carried out as described in Materials and 
methods. The inset shows representative findings by Western blot 
analysis. The band intensities were quantified by denaitomctric 
scanning, and the data arc expressed as mcan±s.e. (n = 6 each for 
C75- and vehicle-treated control groilpsj. */ > <0\05 compared to 
tumora derived from vehicle- fixated mice by Student's f-tcst. (d) 
C75 treatment results in decreased body weight. The body weight 
of each mouse was measured before and weekly after treatment 
with C75 or vehicle control (DMSO). *P*(1.05 compared to 
vehicle-treated mice by Student's Mcst 



Finally, it is noteworthy that animals treated with C75 
did exhibit weight loss. Similar to previous studies with 
other xenograft models, roughly a 15% reduction in 
body weight was observed in C75-treated mice 
(Figure 6d). 
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Discussion 

Our studies indicate that there is a positive feedback 
regulation between AKT activation and FAS expression 
in ovarian carcinoma cells grown in vitro, and this is 
supported by a high correlation between AKT activa- 
tion and FAS expression in primary ovarian carcinoma 
specimens. AKT activation appears to regulate FAS 
expression, at least in part, whereas fatty acids 
synthesized by FAS are incorporated into membrane 
phospholipids, which are mediators of AKT activation, 
Overexprcssion of FAS has been previously reported in 
a wide variety of human tumors. The close correlation 
between FAS expression and AKT activation in our 
series of ovarian carcinomas suggests that AKT plays an 
important role in regulating FAS expression in ovarian 
cancer. Our in vitro experiments with SKOV3 and 
OVCARlO cells indicate that inhibition of PI3K/AKT 
signaling results in decreased expression of FAS. 
When PTEN expression was induced in PTEN-nu\] 
IT-3015 ceils, FAS and phospho-AKT levels decreased 
coordinately; in addition, when expression of AKT I 
was knocked down about 60% in HEK293 cells after 
A KTI siRNA transfection, we observed a 50% decrease 
in FAS levels. These several lines of evidence indicate 
that AKT activity modulates FAS expression. The 
data arc consistent with previous reports showing 
that PI3K signaling regulates FAS expression in 
prostate cancer cells, breast cancer cells, and 3T3 
adipocytes (Wang and Sul, 1998; Van de Sande et aL. 
2002; Yang et at., 2002). AKT has been studied 
extensively during the past decade, and one of its 
main functions is to promote cell survival (Datta et aL, 
1999). Cancer cells with constitutively active AKT 
may have a dependence on AKT activity for survival, 
and. recent studies have demonstrated that inhibition 
of PI3K/AKT signaling can sensitize cancer cells to 
apoptosis induced by chemotherapeutic drugs or 
radiation (Ng et af„ 2000; Page et aL, 2000; Brogoard 
et ai. y 2001; Clark et af. t 2002; Hu et a/., 2002; 
Schmidt et aL, 2002; Jin et aL t 2003; Knucfcrmann 
et aL, 2003). We found that LY294002 enhances 
C75- and cerulenin-induced apoptosis in cell lines 
exhibiting constitutively active AKT. FAS inhibition 
results in downrcgulation of pbospho-AKT levels 
{Figure 4), and LY294002 treatment, may further 
decrease the levels of phospho-AKT, thus increasing 
FAS inhibitor-induced cell death in cells with constitu- 
tively active AKT. 

Inhibition of FAS activity by cither cerulcnin or 
C75 downregulates phospbo-AKT production. Regard- 
ing the specificity of C75 as a FAS inhibitor, recent 
work has shown that C75 affects two cellular processes. 
First, it inhibits fatty acid synthesis through slow- 
binding inhibition of FAS. Second, it increases fatty 
acid oxidation through increasing the activity of 
carnitine palmitoyltransferase- 1 (CPT-i). Two recent 
publications (Thupari et aL, 2002; Zhou et a/., 2003) 
showed that FAS inhibition, not increased fatty acid 
oxidation, is responsible for C75's proapoptotic 
effects in human cancer cells. Etomoxir, an irreversible 



inhibitor of CPT-1, was not apoptotic to cancer 
cells, and it did not rescue cells from C75. These data 
implied that fatty acid oxidation is not involved in the 
mechanism of cytotoxicity of C75. Furthermore, C273, 
an oxidized form of C75, which does not inhibit FAS, is 
nontoxic to human cancer cells. 

The mechanism(s) by which FAS inhibitors decrease 
AKT activity is not clear. One possible explanation is 
that FAS inhibition may cause an imbalance in 
membrane phospholipid levels, which may result in 
decreased AKT membrane localization and activation. 
This is supported by several lines of evidence. Firstly, 
lipid rafts are membrane microdomains, which serve as 
platforms for cell signaling (Sargiacomo el aL 1993), 
and recent studies have revealed a connection between 
lipid rafts, AKT, and FAS. When rafts are disrupted, 
AKT phosphorylation is inhibited and cell survival is 
reduced (Hill et aL 2002; Zhuang et al, 2002). Secondly, 
constitutively active AKT serine 473 kinase activity has 
been found in plasma membrane rafts, implicating a role 
for lipid rafts in AKT signaling (Hill et aL, 2002). 
Finally, it has been shown that FAS drives the synthesis 
of phospholipids partitioning into detergent- resistant 
membrane microdomain-raft aggregates (Swinncn et aL, 
2003). Moreover, RNA interference-mediated silencing 
of FAS inhibits growth and induces apoptosis of 
LNCaP prostate cancer cells (De Sehrijver et aL, 
2003). Since FAS plays a critical role in membrane raft 
phospholipid synthesis, a decrease in phospholipid levels 
would likely impair AKT activation. Our in vitro and w 
vivo data indicate that FAS inhibition indeed results 
in decreased AKT activity. However, other possibilities, 
including inhibition of PT3K or activation of PTEN 
or protein phosphatase-^ (Resjo et a/„ 2002) by 
lipid intermediates that accumulate following FAS 
inhibition, may also contribute to the decreased 
levels of phospho-AKT. Our in vivo studies of the 
effect of C75 on SKOV3 tumor growth in a murine 
xenograft model are consistent with results obtained 
with breast cancer and mesothelioma xenograft 
models (Pizer et aL, 2000; Gabrielson et aL, 2001), 
In addition to an overall significant inhibition of 
SKOV3 tumor growth, Western blot analysis of 
tumors showed decreased AKT activity in most C75- 
treated mice, concordant with reduced FAS protein 
levels. Thus, FAS inhibition may have significant 
promise as a therapeutic approach in human ovarian 
cancer. In summary, data presented here demonstrate 
a significant correlation between the expression of 
FAS and active AKT in ovarian cancer and indicate 
that^ inhibition of PI3K/AKT signaling increases 
sensitivity to FAS inhibitor-induced apoptosis in 
ovarian carcinoma cells with constitutively active 
AKT. Our findings are consistent with a working 
model in which AKT activation regulates FAS 
expression, at least in part, whereas FAS activity 
modulates AKT activation. Furthermore, these data 
suggest that AKT activity and FAS expression are 
useful biomarkers in ovarian cancer and may serve as 
important targets for therapeutic invention in this 
disease. 
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Materials and methods 

Cell culture 

Five ovarian chiicct cell lines were used: SKOV3, C200, a 
cisplalin-rcsistant ovarian cancer cell line derived from A2780 
(Godwin el a/., 1992), OVCAR4. OVCAR5, and OVCAR10. 
SKOV3 cells were cultured in McCoy's 5A medium supple- 
mented with 10% FBS, 2mM L-glutaminc, 50U/ml penicillin, 
and 50>ig/ml streptomycin. C200, OVCAR4, OVCAR5, and 
OVCAR10 were cultured in RPMI 1640 medium supplemen- 
ted with. 10% FBS, 2mM Uglutaminc, 50U/ro| penicillin, and 
50/tg/mI streptomycin. HEK293 cell* were cultured in DM EM 
supplemented with 10% FBS. 2mM L-glummmc, 50U/ml 
penicillin, and 50>g/mJ streptomycin, AD cultures were main- 
tained at 37°C in a humidified incubator containing 5% C0 2 . 
For certain experiments, cells were starved in scrum-free medium 
for 20 h prior (o treatment. Q15 was purchased from Alexis 
Biochemical* (San Diego. CA, USA); LY294002 and ccrulcnin 
were purchased from Calbiochcm (San Diego, CA. USA). 

Generation of PTEN-inrjucibie cell line IT-3QIS 

A Tct-On gene expression system (BD Biosciences CLontcch, 
Palo Alto, CA, USA) was used to establish the IT-3015 cell 
line. First, the PTEN-n\i\\ Tshikawa cells were transfected with 
the pTet-on regulation vcclor, Stable tranafectants were 
screened by culturing with 500>g/ml G418. The cloned 
G4l8-resistant cells (IT-30) Were then infected with pREV- 
TRE2hyg.i>r£AT. To this end, the PT67 packaging cell line 
was transfected with the pRev-TRE retrovirus vector in which 
the murine mammary tumor virus promoter drives a hygro- 
mycin resistance gene and the Tct-scnsitive promoter (Tet 
response clement upstream of the minimal CMV IE promoter) 
regulates the inserted PT£N> Stable transfcciants were 
screened with 25D^g/m( hygromycin 8. The cloned G418- 
rcsistant and hygromycin B-re$istant cells were screened for 
expression of PTEN, After screening, cells were cultured in 
Dulbecco's modified Eagle's medium with 10% FBS contain- 
ing 100/jg/ml G418 and 100/ig/ml hygromycin B. 

siRNA iransfvction 

AKTI siRNA SMART™ pool and a nonspecific control pool 
were purchased from DHARMACON Research Inc. (Lafay- 
ette, CO, USA). At ) day before transfection, HEK293 ceils 
were seeded in six-well plates and incubated in DM EM 
supplemented with 10% FBS without antibiotics. Cells at 90% 
conrlueney were transfected with AKTI siRNA or nonspecific 
siRNA according to the manufacturer's instructions. Briefly, 
I ml of Opti-MEM I reduced serum medium containing 
200 nmol AKTI siRNA SMART pool and 20 fi\ Lipofcctamine 
2000 (Jnvitrogen. Carlsbad, CA, USA) was added to each well. 
After incubating the cells for 15 h, the lipid and siRNA 
complex was removed, fresh growth medium was added, and 
the cells were collected at 60 h post-transfection. Whole cell 
lysatcs were prepared and Western blot analysis was carried 
out as described below. 

Preparation of whole ceil hornogenates 

After treatment, cells were washed once in PBS and then 
scraped into whole cell lysis buffer (25 mM Hepcs, pH 7.7 
75 mM NaCl. 2.5 mM MgC! r <5H 2 0, 0.2 mM EDTA, 0.1% 
Tnton X-100, 0.5 mM QTT, 20 mM //-glycerophosphate) 
containing! x complete protease inhibitors (Roche Molecular 
Biochemicals, Indianapolis, IN, USA), ImM PMSF, and 
phosphatase inhibitors Na 3 VO„ (1 mM) and NaF (50 mM). Cell 



lysntes were sonicated and centrifuged at 10000^ for 20min at 
4 n C. Supernatant were used as whole cell extracts for Western 
blot analysis. Xenograft tumors were snap-frozen in liquid 
nitrogen and ground into powder, using a mortar and pestle, 
under frozen conditions. Whole cell lysis buffer was added to 
the powder, and the hornogenates were sonicated and 
centrifuged at 10000^ for 20min at 4°C. Supernatants were 
used as whole cell extracts for Western blot analysis. The 
concentration or protein was determined by Bio-Rad protein 
assay reagent using BSA as a standard. 

Western hhl analysis 

Western blot analysis was carried out as described elsewhere 
(Wang and Smart, 1999). Briefly, whole cell extract proteins 
(50-100 j/g) were separated electrophoreses ly on 4-20% Novex 
Tris-glycine polyacryl amide gels (Tnvitrogen). Proteins were 
transferred to Immohilon™-P membrane (Mjllipore Corpora- 
tion, Bedford, MA, USA), blocked in 5% nonfat dry milk, |% 
BSA, and 0.1% Tween 20. Membranes were probed with 
polyclonal antibody against phospho-AKT (serine 473) (Cell 
Signaling Technology, Beverly, MA, USA), polyclonal anti- 
bodies against total AKT and actin (Santa-Cruz Biotechnology, 
Santa Cru7, CA, USA), or a monoclonal FAS antibody (BD 
Transduction Laboratories, San Diego, CA, USA), polyclonal. 
AKTI -specific antibody (Upstate, Lake Placid, NY, USA), 
polyclonal AKT2-spccj.fic antibody (Cell Signaling Technology). 
Immimoreactivc bands were visualized by Western Lightning™ 
Chcmiluminescence Reagent Plus (PerVin Elmer Life Science, 
Boston, MA, USA) and exposed to X-ray film. All experiments 
on Western blot analysis were performed three times. 

Jmmunohistochemical analysis 

An ovarian cancer tissue microarray was prepared by the 
Biosarnple and Tissue Procurement Core Facility at Fox Chase 
Cancer Center. Individual Sections (4/im thick) were depar- 
afimized and hydratcd in water, followed by antigen retrieval 
in 10 mM citrate buffer, pH 6.0. Preparations were incubated in 
3% H 3 0 2 for 2(1 mm, washed with H 2 0 or PBS. and blocked 
with 10% serum for 30 min. Polyclonal FAS antibody 
(Biotrend Chemical, Dcstin, FL, USA) was used at 5^g/ml 
to detect the expression of FAS, and phospho-AKT (Scr473) 
antibody (Cell Signaling Technology) was used at a dilution of 
1 : 50 to detect active forms of all three AKT isoforms. Primary 
antibodies were detected with biotinylatcd secondary antibody 
(BioGenex, San Ramon, CA, USA). The specificity of 
phospho-AKT (Ser473) antibody was demonstrated by pTC- 
absorbing the antibody with a phospho-AKT (Scr473) 
blocking peptide (Cell Signaling Technology). Tissue sections 
were stained with DAB chromagen and counterstaincd with 
hematoxylin, Surrounding non-ncoplastic stroma served as an 
internal negative control for each slide. The slides were scored 
semiquantitative^. A score of 0 indicated no staining, 0.5 was 
generally negative with some focal staining, I was indicative of 
weak focal staining, 2 indicated clearly positive staining, and a 
score of 3 was intensely positive. We 'define scores of 2 or 3 as 
indicating elevated phospho-AKT staining. Tumors with weak 
or no staining were considered as negative for phospho-AKT 
and FAS. Both Fisher's exact test and Jonckhccre-Terpstra 
test were used to analyse the correlation of phospho-AKT and 
FAS in these tumors. 

Detection ofapoptosis by EUSA 

Cells were treated with cerulenin or C75 with or without 
LY294002 for 48 h. Cells were lyscd using lysis buffer provided 
in the Cell Death Detection ELISA kit (Roche Molecular 
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Biochcmicals). Apoptosis was determined by measuring DNA 
fragmentation following the manufacturers 'instructions. 

In vivo xenograft model 

SOD mice were bred in-housc at Fox Chase Cancer Center. 
The body weight, or each mouse was monitored weekly, 
5K.OV3 cells were injected into mice i.p. at 5 x 10 6 in 200/^1 
PBS. After I week, mice were divided randomly into two 
treatment groups; control (;i = 6) and C75-trealcd (w •= 6) mice. 
Control mice received 5% DMSO in 200 ^1 of PBS i.p. weekly 
for 4 weeks. C75 at 20mg/kg body weight was administered 
i.p. weekly for 4 weeks. At 3 days after the last treatment, mice 
were killed and the individual tumors were weighed and then 
snap-frozen in liquid nitrogen for storage. Ail animal 
experiments complied with institutional animal care guidelines. 



Abbreviations 

FAS, fatty acid synthase: PT3K, phosphatfdylinosrtol 3-OH 
kinase; SOD, severe combined immunodeficient, 
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